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ABSTRACT 


This  nilrl  Quarterly  Trogrese  Iteport  eovera  researeli  oq  dlsesaina- 
tlon  ot  solid  mod  liquid  BW  agents.  The  otjeotlva  tovard  vbicb  tbis 
research  is  directed  la  the  developoent  of  veapoa  systeas  for  line-source 
diaaamination  froa  high  speed  low-flylsg  laannod  and  unmanned  aircraft. 

Progress  is  reported  on  an  experloental  study  of  the  effect  of 
exposure  to  heated  air  streams  on  the  viahility  of  Sa  aerosols. 

Results  froa  experiments  on  the  characteristics  of  powders  are  pre¬ 
sented.  Ihese  include  investigations  of  frlctionsd  forces  between  powders 
and  channel  walls  and  dynamic  angle  of  repose  of  Sn  powder. 

Theoretical  studies  of  load  transmission  in  particulate  materials  are 
presented  and  severs^,  specific  cases  of  force  transodsaion  are  analyzed. 
Experimental  Investigations^  conducted  to  explore  our  earlier  theoretical 
residts,  are  also  covered. 

The  properties  of  slurries,  as  determined  in  our  laboratory  Investi¬ 
gations,  which  include  the  thermal  properties  of  egg  slurry  samples,  arc 
reported.  Investigations  of  the  properties  of  slurries  of  Sm  in  a  fluoro- 
chemlcal  liquid  are  presented. 

Progress  is  reported  on  the  wind  tunnel  investigations  of  the  use  of 
slip  stream  energy  to  deagglooerate  finely  divided  solid  materials.  Ex¬ 
perimental  results  on  the  performance  of  s  high  velocity  sampling  prdbe 
are  also  given. 

The  results  of  an  ansLiysls  of  the  influence  of  the  effective  agent 
filling  density  cn  the  aerodynamic  drag  of  solid  agent  dlssswiiiatirig  stores 
Is  preoented. 
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Syat«ns  tnalyels  on  BV  dlaseoinatloo  systwat  I0  discussed,  end  tbs 
approach  to  be  used  in  future  studies  is  described. 

The  scope  of  tvo  studies  concerned  witb  selection  of  e  configuration 
for  the  llqiuld  agent  disaeminsting  store  is  outlined. 


DECLASSIFIED  IN  FULL 

Authority:  EO  13526 

Chief,  Records  &  Declass  Div,  WHS 


JUL  1  9  2013 


-  til  - 


FC^ORD 


.Meobero  of  Reflemrch  and  Engineering  Staffs  who  hare  partici¬ 
pated  In  directing  and  conducting  the  investigations  and  preparing 
the  dieouselons  preeented  in  this  report  Include  Mr.  S.  P.  Jones, 
Jr.,  Mr.  C.  Whltnah,  Mr.  k.  Anderson,  Dr.  J.  Baumstark,  Dr,  J.  Perk, 
Mr.  W.  L.  Torgeaon,  Mr.  J.  Nash,  Mr.  J.  Upton,  Mr.  C.  Hagberg,  Mr. 

P.  Stroon,  Mr.  G.  Morfltt,  Mr.  L.  Graf,  Mr.  R.  Griffith,  Mr.  I. 

Hall,  Mr.  J.  Pllney,  Hr.  R.  Dahlherg  and  Mr.  J.  Ungs. 


Page  determined  to  be  Unclassified 
Reviewed  Chief,  ROD,  WHS 
)AW  EO  13526,  Section  3.5 

Date:  jyi_  1  9  MS 


-  iv  - 


TABi£  07  coBmrra 


Section  PBfli 

Abstract . 11 

Foreword . .  .  .  ,  . . iv 

1.  INTJWmUCTIOK .  1 

2.  STUDY  OF  TUB  EFFECT  OF  EXPCeUHE  TO  lEATBD  AIR 

STREAMS  OW  TUB  VIABILITY  OF  So  AEROSOLS .  2 

3 .  EXPERIMENTS  OH  THE  CHARACTERISTICS  OF  POWDERS .  5 

3>1  Frictional  Forcee  Between  Powders  and  Channel  Walla  .......  ^ 

3.1.1  Theory  of  Spencer,  Oilaore  and  Wiley  .  5 

3.1.2  E.xperlmental  Technique .  7 

3  1.3  Experlaentnl  Result  a . 9 

3.2  Dynamic  Angle  of  Repose  of  at  Pcwder . l6 

4.  THEORETICAL  STUDIES  OF  LQ^D  TRANSMISSIONS  IN 

PARTICULATE  MATERIAJ-S . 22 

4.1  Bulk  Physical  Properttee  of  Powders  Relating  to  Static 

Load  Trancmlafilon  and  Yield  Strength  Charactert sties  .  23 

4.2  Theoretical  Analysis  of  Load  Tronsmisolon  and 

Shear  Failure  In  Particulate  Bede . 30 

4.2.1  Analynla  of  the  Ix\ad  Distribution  In  a  Powder 

Due  to  its  Weight  . . 30 

4.2.2  Analysis  of  Critical  Loads  for  Penetration  of 

a  Bed  of  Powder  .  . 3I, 

5.  EXIERIMENTAL  STUDIES  OF  LOAD  TRANSMISSION  TN  sreClFIC 

ARRAYS . . 

6.  IirVESriGATIOHS  OF  PROIERTIES  OK  SLURRIES . 44 

6.1  Properties  of  Egg  Slurries . 44 

6.1.1  Specific  Heat  of  Egg  Slurries  . . 44 


DECLASSIFIED  IN  FULL 

Authority:  EO  13526 

Chief,  Records  &  Declass  Div,  WHS 

JUL  19  200 


lABlS  OF  COmSSIiTS  (Coatlnuol) 


Sactlon  pag« 

6.1.2  Thermal  Ccnduetlvlty  of  Egg  Slurrlaa . .  56 

6.2  Bheologlcal  Behavior  of  3o  Sliurrlea . 6S 

6.2.1  Apparatua  and  Experliaeptal  Behavior . .  62 

6.2.2  Experimental  Hssulta . .  . . 6^ 

7.  OiaSEMIIttnOM  AM)  DBAGOLOMBaATIOW  STUDIES . 76 

7.1  Experiments  With  the  Isokinetic  Sampling  Probe  ..........  76 

7.2  Modification  of  the  Wind  Tunnel  Apparatus  to  Permit 

Di  3  seal  nation  ExperimentB  With  Sm  Simulant . .  83 

0.  STUDY  OP  TtE  INFLUENCE  OF  EFFECTIVE  FIIXINO  IBNSm 

ON  TfiE  AERCDYNAMIC  DRAG  OF  SOLID  ACENT  BXISRNAL  STORES . 85 

9.  SYSTEM  STUDY  ...  . 88 

10.  WORK  ON  LIQUID  AGENT  DISSEMINATIIC  STORE . 90 

10.1  Work  Statement  -  Study  at  North  American  Aviation,  Ino . 90 

10.2  Work  Statement  -  Study  at  Fairchild  Aircraft  and  HlsBlles 

Dlvlaion . . . 9I 

11.  SUMMARY  AND  CONCLUSIONS . . 


Vi 

^0Mff0iRTnn^ 


DECLASSIFIED  IN  FULL 

Authority;  EO  13526 

Chief,  Records  &  Declass  DIv,  WHS 

JUL  19  an 


I 


LIST  0?  znjUSTKATICtfS 


Figure 


3.1  Themal  Sxpoaure  System  for  Sm  Aerosols  .  . . . .  4 

3.1.1  PiatOQ-Cyllodar  Experimental  Set-up  . . .  5 

3.1.2  Apparatue  for  Measuring  Frlotional  Force 

Betveen  a  Powder  and  Cylinder  Wall  .  8 

3.1.3  PlAton-Cyllnder  Data  on  Talc  Plotted  as 

Py^/FR  Versus  1^0 . . . .  ,  11 

3.1.4  Plston>Cylln<ler  Data  on  Talc  Plotted  as 

F^/Fp  Versus  L/d . 12 

3.1.^  Column  of  Powder  .  ...............  13 

3.2.1  Shape  of  sm  Pcwder  Pile  Obtained  in  Dynamic  Angle 

of  Repose  Experiments  ........  .  ....  18 

3.2.3  Dynamic  Angle  of  Repose  as  a  Function  of  Relative 

Humidity  of  Surrounding  Air  for  Sm  Powder  .  ......  20 

3.2.3  Dynamic  Angle  of  Repose  so  a  Function  of 

.Hoisture  Content  of  an  Powder  . . .  .  21 

4.1.1  Shear  Strength  Characteristics . . . .  2^ 

4.1.2  Resolution  of  Stresses  .  2^ 

4.1.3  Representation  of  Stresses  by  Means  of  Stress  Circle  .  25 

4.1.4  Trl axial  Test  Fixture . 29 

4.1.5  Determination  of  Shear  Strength  Characteristic 

from  Trlaxial  Tests  .....  .  29 

4.2.1  Slip  Line  In  Uniform  lAistreosed  Particle  Bed  . . 32 

4.2.2  Penetration  of  the  Surface  of  a  Particle  Bed  .  33 

4.2.3  Shear  Surface  and  Load  Dlstrlhutien  for  Penetration 

of  Surface  of  Particle  Bed  In  Illustrative  Exoaq^le . .  .  35 

5-1  Synnetrlc  Hexagonal  Arrangements  of  Dishe  In  a 

Tvo-Olmenslonal  Bed  . . . . .  4o 


yii  DECLASSIFiSD  IN  FULL 

Authority:  EO  13526 
Chief,  Records  &  Declass  DIv,  WHS 

JOL  1  9  20B 


LIST  Cf  IIUamTZCnS  (Contlm»d} 

FI  gun  pagi 

$.2  Tvo  Illuatretive  Views  of  Shot  Moveuent  In  a 

Two-Slaenslonal  Bed  .  . . . . h2. 

6.1.1  Caloriiaeter  for  Specific  Heat  Oetezminatlons  . . U6 

6.1.2  Heating  Circuit  for  Calorimeter  . . 

6.1.3  'Ten.perature  Reuponse  Curve  During  Specific 

Heat  Deterolnatlons . .  .  ^ 

6.1.4  Specific  Heat  Vs.  temperature  for  W.E.S.  ifl . ^2 

6.1.3  Specific  Heat  Vs.  temperature  for  W.S.S.  #2 . 33 

6.1.6  Specific  Heat  Va.  temperature  for  W.E.S.  #3 . 34 

6.1.7  Specific  Heat  Vs.  Temperature  for  W.E.S.  #4 . 35 

6.1.6  Cross  Section  of  Thermal  Conductivity  Cell  .  36 

6.1,9  Calibration  Curve  for  6  Copper-Constanton  Theraocoupleo  .....  6l 

6.2.1  Sclieoatic  Diagram  of  the  Rotating  Coaxial  Cylinder  Viscometer  .  .  63 

6.2.2  Consistency  Curves  for  Sm  Slurries . 66 

6.2.3  Applicability  of  Relationship  i  ^  Slurries  ....  71 

6.2.4  Apparent  Viscosity  Versus  Rate  of  Shear  .  73 

,1 

6.2.5  Applicability  of  Relationship 7|  »  to  Sm  Slurries . 7^ 

7.1.1  Particle  Size  Frequency  Distribution  for  Mistron  talc 

Before  Di sseadnation  and  After  Sampling  at  Isokinetic  Conditions.  78 

7.1.2  Particle  Size  Frequency  Distribution  fbr  Mistron  #l8  Talc 
Before  Dissemination  and  After  Sampling  at  Jton-Iooklnetic 

(30^  Flow)  Conditions . 60 

7.1.3  Particle  Size  Frequency  Distribution  for  Mistron  §2^  TslIc  Before 

Dlsseminatloa  and  After  Sampling  at  Isokinetic  Conditions  ....  Ql 

7.1.4  Particle  Size  Frequency  IHetrlbutlon  for  Mistron  #25  Before 
Dissemination  and  After  Saraplirig  at  Ifon-Isoklnetlc  (50?^  Flow) 

Conditions . 82 

8.1  Aerodynamic  Drag  Versus  Effective  Filling  Density  for  Solid 

Agent  Stores . 86 

vlli 

emi0WPf8Fk|ff|JiV""^  DECLASSIFIED  IN  FULL 

Authority:  EO  13526 

Chief,  Records  &  Declass  Div,  WHS 

JUL  1  9  2018 


UST  cr  imES 


P»B» 

3*I  Plfltnn>Cylind«r  Htaults  vlth  Talc  Fovdar  la  a 

Olafls  Cyllndor . .  . . 10 

3-II  Dynamic  Angle  of  Repoae  for  da  Povder . 19 

6.1  Effect  of  Temperature  and  Solida  Concentration  cn 

the  Apparent  Viscosity  of  On  Sliurrlea . . . ‘  6B 


)ECUSSIPIED  IN  FULL 
Authority:  E0  13526 
Jhief,  Records  &  Declass  Div,  WHS 
)ate: 


JUL  19  2013 


1.  msKmcaQa 


This  la  tbt  Third  Quarterly  Prograaa  Report  os  the  program  of  raaoaroh 
on  dlaaenlnatloc  of  solid  and  liquid  BW  agenta  being  eooducted  under  Contract 
9o.  0A-ld>06M-CML*27>»5.  This  research  is  direoted  toward  the  dsvelopa^'l^  ot 
dleaemloatlng  stores  to  be  carried  externally  on  the  delivery  aircraft. 

During  this  reporting  period.  Phase  I  of  this  program  was  eoeipleted 
and  the  Phase  II  work  was  Initiated.  The  objective  of  Phase  II,  in  the 
field  of  solid  agent  dlsaeminatlon.  Is  to  advance  the  state  of  knowledge 
In  the  areas  of  characterization,  delivery,  metering,  dissemination  and 
deagglooeratlon  of  the  finely  divided  solid  materials  to  a  point  where 
design  of  a  research  prototype  ie  feasible.  In  the  field  of  liquid  agent 
dissemination,  the  Phase  II  objectives  Include  coopletlon  of  the  design 
requirements  for  an  external  store,  design  of  the  research  prototype  unit 
and  manufacture  of  one  unit  in  preparation  for  future  field  experiments. 

The  beginning  of  Phase  II  is  scheduled  for  1  November  I96I. 

This  report  presents  progress  on  several  studies  which  are  being  con¬ 
ducted  to  reach  these  goals.  Because  of  the  nature  of  this  program,  research 
studies  in  many  separate  fields  are  required.  The  introductory  statements 
in  each  section  of  the  report  relate  the  topics  discussed  to  the  overall 
project 
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?.  Slum  or  1SS  smcr  or  ejqposubb  to  ezatssd  air  streams  or  tbb 

VXABZIXTr  OF  Sm  AEROSOLS 

In  the  proeesB  of  dlsaeoiln&tlon  of  BW  sg«nt»  froa  Jet  •iroreftj  the 

e 

poaaihtlity  of  the  aeroaol  aLring  to  sose  degree  vlth  the  hot  gaaea  froa 
the  engine  has  been  recognized.  Mixing  vlth  the  pliuae  ia  aost  likely  if 
the  external'  SW  dl saenlnating  store  ia  nounted  close  to  an  engine.  In 
order  to  datennine  the  importance  of  avoiding  this  mixing,  data  are 
required  on  the  loae  of  viability  produced. 

It  is  known  that  both  the  tei^rature  and  the  exposure  time  Influence 
this  process,  however,  previous  research  on  the  viability  losses  produosd 
by  exposure  of  aerosols  to  elevated  temperatures  has  been  in  evaluating 
(1^  the  performance  of  Incinerators  and  (2)  the  biological  decay  of  an 
aerosol  over  time  periods  of  minutes  to  hours  at  slightly  elavatsd 
temperature.  Neither  of  these  cases  are  sufficiently  close  to  the  Jet 
plume  problem  to  provide  useful  data. 

An  experimental  study  vas  therefore  initiated  by  General  Mills,  Inc. 
to  evaluate  viability  loaaes  produced  by  mixing  3a  aerosols  vlth  heated 
air  at  temperatures  from  75“  to  200’’  C  vlth  exposure  diuratlons  of  one  to 
two  seconds.  These  conditions  are  believed  to  be  of  greatest  Interest  in 
connection  vlth  the  Jet  plume  problem. 

A  comparative  approach  was  selected  in  which  samples  are  collected  in 
two  All-Glass  lapingcrs  concurrently,  one  sample  from  the  heated  aerosol 
stream  and  the  ether  from  an  unheated  control  stresa. 
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In  the  Initial  experlBents^  a  heated  air  stream  vas  Injected  Into 
one  of  the  aeroaol  atreama,  tdille  an  e^ual  quantity  of  room-teapexature 
air  vaa  injected  Into  the  control  atream.  The  flrat  results  showed  very 
subetantial  effects.  Approximately  80  percent  of  the  aerosol  was  killed 
when  the  average  temperature  of  the  heated  etreaa  was  dO*  C>  and  the 
duration  of  the  exposure  was  1.2  seconda.  In  light  of  the  short  exposure 
time,  tills  degree  of  losp  was  considered  quite  high.  However,  it  was 
observed  that  this  method  of  heating  the  aerosol  (by  injection  of  hot 
air)  resulted  in  a  local  hot  region  In  which  the  aeroaol  was  exposed 
for  a  very  small  fraction  of  the  total  time  to  a  temperature  of 
approximately  175*  C.  For  this  reason  the  design  of  the  apparatus 
vas  modified  to  provide  uniform  temperature  along  the  exposure  path 
before  additional  data  were  taken. 

The  final  apparatus  is  shown  in  Figure  2.1.  The  aerosol  la 
generated  with  a  nebulizer  and  Introduced  into  a  glaae  carboy.  TOie 
aerosol  stream  from  this  carboy  is  divided  into  two  branches  and 
injected  into  the  heated  and  unheated  air  streams. 

Several  openings  have  been  provided  so  that  the  effect  of  varying 
expoaure  time  can  be  studied.  The  instrumentation  includes  provisions 
for  controlling  the  electrical  input  to  the  heater  and  also  measurement 
of  the  temperature  of  the  mixed  streams  at  several  locaticxis. 

Experiments  with  the  apparatus  shown  In  Figure  2.1  will  be  conducted 
during  the  fourth  quarterly  reporting  period.  It  is  anticipated  that 
data  will  be  available  for  the  next  technical  report,  covering  a  range 
of  temperaturee  up  to  200*  C. 
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3.  SXPSRZMSSnS  OH  HB  CBAMCTERianCS  or  POHDERS 

3.1  Frietlonal  Forc9«  Betwa  Powders  and  Chaangl  W»ll> 

One  of  the  mein  feeding  teetaelquee  under  eonelderetlon  la 
this  dissomlnation  study  is  the  piston  feeder.  A  knowledge  of  frictional 
forces  between  powders  end  channel  wells  is  vital  to  the  evaluation  of 
the  feasibility  of  this  abroach. 

Spencer j  Gllaore  and  Viley^*^*^  devised  a  technique  for  studying 
forces  between  granular  polymers  and  channel  walls.  This  technique 
has  been  investigated  during  this  reporting  period  using  talc  powder. 

The  results  Indicate  that  a  modification  to  this  approach  is  required 
when  studying  very  fine  powders.  An  alternate  approach  has  been 
developed. 

3-1.1  Theory  of  Spencer,  Gllaore  and  Wiley 

Spencer,  Gilmore  and  Wiley's  theoretical  derivation  considers 
a  plug  of  powder  confined  In  a  cylinder  with  a  piston  at  each  end  as 
illustrated  in  Figure  3,1.1. 


Figure  3.1,1.  Piston-Cylinder  Experimental  Set-t^p 


3.1.1  Spencer,  R.  S.,  GlLnore,  0.  D.,  and  Wiley,  R.  M.,  Behavior  of 
Granulated  Polyaera  under  Pressure,  J.  Appl,  Phys.  21,  527-531 
(1950).  — 

-  - 
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If 


is  the  foree  aeeessazy  to  initiate  ntoveiaent  of  the  plug  and  is 

the  resistive  force.  The  frletloaal  force  per  psu*tlcle  at  the  vail  is 

fjlft  vhere^  is  the  cosffioltnt  of  friction  betveen  particle  aal  wall 

and  f  is  the  contact  force  betveen  particles  (assuoed  to  be  the  same  in 

all  directions  at  a  point  and  normal  to  the  walls  and  sods).  The  total 

frictional  force  acting  on  an  element  of  powder  of  thickness  dx  is/^^f  a 

(2  TT R)  dx,  where  n  is  the  niaaber  of  particles  per  unit  area  in  contact 

with  the  wall  at  x.  Let  F  be  the  total  force  normal  to  a  crose  section 

(in  the  direction  of  the  cylinder  axis}  at  x.  Than  the  change  in  F  in 

going  froB  X  to  X  dx  is  dr  -  (TTr^)  n  df>  where  n  is  the  number  of 

o  o 

particles  per  unit  area  in  cMitact  with  a  cross  section  and  df  Is  the 
iBcreiBental  change  in  contact  force  per  particle.  If  it  is  assumed 
that,  In  a  given  atate  of  compaction,  the  only  frictional  forces 
arising  are  those  due  to  particle-wall  contacts,  then  for  equlllbriisa 


conditions  the  two  expressions  can  be  equated: 

(TTr^)  df  mjJir  a(2  7TB)  dx  (3.I) 

Rearranging  and  integrating  between  the  proper  limits,  the  following 
expression  is  obtained: 


(3.2) 


or 


V's 


(3.3) 
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To  evaluate  tba  integral  on  tbe  right  hand  tide.  It  Is  assuaed 
that  tbe  nuaber  of  vail  contacts  la  ooastaat  (indepeadeat  of  degree 
of  Qcnpaotiao}aDd  that  a  ■  n^  prior  to  ooqpaetlon.  Bqiuatliig  the 
nuaber  of  vail  contacts  prior  to  coapaotloo  to  those  after  coopstctioo, 


the  follawlBg  relation  la  obtained: 


0^(2  ^R)  1 
o  o 


n{z7TR)  dx 


or 


(3.^) 


L 


n  dx 

(3.5) 

vhere;  is  the  length  of  the  plug  of  povder  prior  to  coapaetioai 

L  1>  the  length  of  the  plug  at  any  given  state  of  coapaction. 
3ubatltutlng  Equation  (3.5)  into  Equation  (3.3),  the  final  expression  is 
obtained: 


o 


or 


'■a 

'  e' « 


(3.6) 


fA 

^r‘ 

3-1.2  Experinental  Technique 


(3.7) 


The  apparatus  used  to  study  frictional  forces  between 


powder B  and  varicnis  cylinder  oaterlala  is  llluetrated  in  Figure  3.1.2. 
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Weight  (Fp) 


Platon 
—  Powder 


-Olaaa  Tube 


•Piston 


Teflon  Guide 

.Rod 


Applied  Force  (P^) 


Figure  3.1.2  Apparatus  for  Measuring  Frictional  Force 
Detveen  a  Powder  and  Cylinder  Wall 


The  procedure  is  to  clamp  the  cylindrical  tube  (a  predalon  bore 
glass  tube  with  an  I.  D.  of  1.18$  Inches  was  used  in  this  study)  in  the 
upright  posltlun  with  the  rod  of  the  lower  piston  resting  on  the  plat^ 
form  of  a  triple  beam  balance.  The  powder  Is  then  sifted  through  a 
screen  and  funnel  into  the  tube.  The  powder  Is  leveled  off  and  the 
length  of  the  powder  column  prior  to  compaction  (L^)  is  measured,  ‘nie 
top  piston  and  weight  are  carefully  lowered  into  position.  The  weights 
on  the  triple  beam  bsdance  are  adjusted  to  the  point  where  the  plug  of 
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I  ■  j. ; .. . 


pondar  Ju«t  begins  to  novo,  sod  this  might  Is  recorded.  Xhls  pro- 
cedvue  it  repeated  uilng  different  aaounts  of  powder  and  different 


maistiag  forces. 


3.1.3 


»rl mental  He suits 


!nie  results  of  teats  performed  vlth  talc  povder  in  a  glass 


cylinder  of  fixed  diameter  are  presented  la  Table  3.1.  The  force 
necessary  to  initiate  moyement  of  the  plug  (f^)  was  determined  for 
a  given  uncompausted  plug  length  (L^)  when  subjected  to  four  dlff- 

e 

ereat  resistive  forces  ratios  1^0  and  Fj^/Fg  are  tabulated. 

In  addition^  the  length  of  the  plug  after  eooipeetion  (L)  and  the  ratio 
L./0  also  are  included  in  the  table. 

If  the  theory  of  Spencer  at  el.  Is  valid,  according  to  Equation 
(3.7)  it  should  be  possible  to  plot  the  logarithm  of  the  ratio  F./F_ 
as  a  function  of  the  ratio  L^/D  and  obtain  a  straight  line.  Such  a 
plot  has  been  made  and  Is  presented  in  Figure  3.1. 3,  It  Is  apparent 
from  this  figure  that  log  Fj^/Fj^  versus  1.^13  does  yield  a  straight 
line  for  a  given  value  of  Fj^.  However,  as  is  varied,  a  different 
line  with  a  different  slope  is  obtained  for  each  value  of  F_,  In 

A 

general,  the  elope  of  the  line  becomes  less  ss  la  Increased. 

Upon  finding  this  result,  it  vns  decided  to  plot  log  F./F^ 
versus  L/D,  where  L  Is  the  length  of  the  powder  plug  sfter  cnnpsctioo, 
to  sec  if  the  data  would  present  a  more  unified  picture  In  this  fora. 
This  plot  is  shown  in  Figure  3.1.1».  where  it  is  apparent  that  all  of 
the  experimental  points  fall  very  close  to  a  single  straight  line 


even  though  F-  was  varied  by  a  factor  of  five. 
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1U>1«  3<I‘  PistauCylindir  Result!  vlth  lUia  ?oiider  In  a  Olaes  Cylinder 
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0.92 

0.78 

0.48i 

0.41 
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276 

1.51 

2.22 

1.87 

1.31 

1.11 

35.0 

125 

3.58 

2.22 

1.87 

1.14 

0.96 

84.2 
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2.88 

2.22 

1.87 

1.06 

0.89 

134.1 

362 

2.70 

2.22 

1.87 

0.99 

0.84 

183.3 

496 

2.70 

2.91* 

2.48 

1.69 

1.43 

35.0 

166 

4.75 

2.94 

2.48 

1.47 

1.24 

84.2 

320 

3.80 

2.9** 

2.48 

1.39 

1.17 

134.1 

505 

3.77 

2.3k 

2.48 

1.31 

1.11 

183.3 

656 

3.58 

3.88 

3.27 

2.15 

1.81 

35.0 

261 

7.47 

3.88 

3.27 

1,87 

1.58 

84.2 

491 

5.83 

3.88 

3.27 

1.78 

1.50 

134.1 

760 

5.67 

3.88 

3.27 

1.69 

1.48 

183.3 

971 

5.30 
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nouHE  3.1.3  PiaroN-cmiosR  mta  oh  talc 

PWnSD  AS  VK«UB 
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la  view  of  this  wsult,  a  nev  approach  was  sou^t  In  attes^tlng 
to  analyta  this  type  of  sxpsrlaent.  It  vas  found  that  an  aaaXyai* 
stallar  to  the  one  applied  to  tensile  strength  meaaureaenta  on  com¬ 
pacted  powders  conducted  under  Contract  nd-l8-108“^05-C*®‘»S2i»’  for 
CRDL  appeared  to  apply  aulte  well  to  the  present  type  of  experlnent. 
In  the  analysis,  a  column  of  powder  confined  in  a  cylinder  is  con¬ 
sidered  from  s  somewhat  different  approach  than  that  takeij  by  Spencer 
et  al.  as  will  he  shown  in  the  foUowtng  discussion. 


'////////zWa 

at 

- 

—4^- 

L 

.  L 

V/////////71 

'pa 

yiguxc  3.1.5.  Column  of  Powder 

Consider  a  cylinder  fuU  of  powder  with  e  piston  at  each  end  as 
depicted  schematically  In  Figure  3.1.5*  Pressure  p^  is  applied  in  the 
upward  direction  by  the  bottom  platen.  The  top  piston  may  be  conUdered 
fixed  in  this  aaalysie.  An  elemental  layer  of  powder  with  thlcltnesB  dL 
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la  located  a  distance  1.  froa  tfae  bottoa  pistao.  Assume  that  at  a  point 

tbe  pressure  acting  In  the  horizontal  direction^  p^^,  is  proportional 

to  the  pressure  acting  in  the  vertical  direction,  p, ,  and  that  the 

•  * 

latter  is  unlforn  across  a  erees*eectlon.  Itien: 

“  ^1.  *  (3.8) 

vhere  is  a  constant. 

The  frictional  force  per  uiiit  area  acting  on  the  cylinder  vail  la: 


(3.9) 

whera/.^  la  the  coefficient  of  friction  between  the  powder  and  the 
cylinder  wall.  The  equilibrium  condition  of  the  elemental  layer  of  . 
powder  Just  prior  to  rnoveoiont  is.  •  •  _ 

-TTr^  dp  *  sTTHTdl 

(3  10) 

Substituting  Equations  (3  8)  and  (3  9)  into  liquation  {3  lO),  we  obtain; 


-  iW  dp^  e  p^  dL 

Rearranging  Equation  (3. 11),  ve  obtain: 


13  n) 


2/iC^ 


H 


dl 


"f  (3.12) 

Equation  (3  12)  can  then  be  integrated  between  the  proper  limits  as 
follows . 


(3.13) 


-  in  . 
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where  Pjj  la  the  preaaure  exerted  by  the  powder  on  the  top  cylinder. 

Pjj  may  also  be  thought  of  aa  the  reaiatlve  preseuro  exerted  by  the  top 

cylinder  oa  the  powder. 

The  result  of  the  Integration  is:  . 

2/iCi 

in  p^/Pj,  =  -5-  I  (3.14) 

* 

or 


V^R  "  e~^^  (3.15) 

The  erose-sectlonal  area  A  of  both  pistons  is  the  same;  therefore, 
the  force  applied  to  the  bottom  pleton  Is  ^  exerted 

by  the  powder  on  the  top  piston  is  A.  Equation  (3  15)  inay 

then  be  written  In  the  following  manner: 

P  /F  1 

e~R“  ^  (3  16) 

or 

-  e"~D“  ^  (3  17) 

Equation  (31?)  i®  Identical  to  Equation  (3'7)  with  the  exception 
that  L  appear r  in  the  exponent  In  place  of  L^. 

On  the  basis  of  this  analysis,  It  is  possible  to  calculate  the  value 
of  the  term  C^/./  from  the  slope  of  the  straight  line  obtained  In  Figure 
3  l-i*  For  talc,  the  value  of  the  term  C^jjL  is  0.279.  'Tb®  exact  value 
of  the  coefficient  of  friction,  jj,  ,  cannot  be  calculated  because  Cj^,  the 
proportlcxiallty  constant  between  the  horizontal  and  vertical  pressure  in 
the  powder  column,  is  not  known.  If  it  is  assumed  that  the  horizontal 
and  vertical  pressures  are  approximately  equal,  then  is  near  unity 

and  the  coefficient  of  friction  Is  roughly  0.3* 
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Vbil*  only  on*  p«vd*r  (t&La)  hae  b«en  testad  tbu*  far,  the  data 
Indieat*  that  Bquatlon  (3.17)  1*  ouah  mor*  sultabl*  tor  repraacntlng 
the  behavior  of  finely  divided  poHdera  than  Equation  {3>7)«  Putur* 
plans  are  to  perform  teats  on  other  poudera  including  Sa  with  cylinders 
of  different  materials  in  order  to  examine  further  the  applicability 
of  this  nev  approach. 

t 

In  addition,  a  technique  la  being  developed  to  determine  the 
coefficient  of  friction  of  a  compreased  powder  plug  against  a  plane 
surface  using  a  tilting  table.  A  knowledge  cf  the  friction  ooofflelent, 
fj.,  will  permit  detearmination  of  the  proportionality  constant,  Cj^, 
between  the  horizontal  and  vertical  pressure  which  exists  in  the  powder 
column  of  the  piston-cylinder  test.  With  these  tools,  an  Investigation 
can  be  made  of  the  effect  of  particle  size  and  particle  size  distribu¬ 
tion  on  force  transmission  In  a  powder  bed. 

3.2  dynamic  Angle  of  Repoae  of  Sm  Powder 

The  dynamic  angle  of  repose  of  a  powder  is  generally  sieasured 
by  allowing  the  powder  to  flow  through  a  funnel  onto  a  flat  horizontal 
surface  and  then  measuring  the  angle  between  the  horizontal  and  the 
surface  of  the  coni cal- shaped  powder  pile.  Few  investigators  have  been 
able  to  attaob  any  real  significance  to  the  angle  of  repose  other  thsut  a 
relative  Indication  of  how  a  powder  flows.  Wolf  and  von  Hohenlelter^’^'^, 
however,  found  a  close  correlation  between  the  dynamic  ang.’ »  of  repoaa 
and  the  angle  at  which  a  mass  of  powder  slides  off  a  tilting  surface. 


3.2.1  Wolf,  £.  F.  and  von  Kohenlelter,  H.  L.,  aeperlnental  Studies  of  the 
Flow  of  CosU.  in  Chutes  at  Riverside  Generating  Station.  Trane. 
A.S.M.B.,  pp  585-599  (19^5) 
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VoLf  Bod  von  Koheoleltsr  performad  mray  taats  on  coal  dust,  oeuuring 
botb  dynutie  or  rapoa*  and  alida  aagla  aa  a  funotlon  of  moiatnra 

oontant  of  tbe  povder.  When  tbay  plotted  either  axigle  of  repoae  or 
alide  angle  aa  a  funotlon  of  tooiature  content,  they  obtained  currea  of 
the  aaae  general  ahape,  both  of  which  Indicated  a  MXlmum  at  about  12 
percent  moisture  content.  Upon  examining  the  tilting  surface  after  the 
powder  bad  slid  off,  li  was  noted  that  a  layer  of  powder  still  adhered 
to  the  surface.  This  observation  suggests  that  the  alide  angle  measure- 
nents  were  probably  more  of  an  indication  of  powder  shear  rather  than 
sliding  friction  between  tlie  tilting  surface  and  the  powder. 

A  theoretical  analysis  of  force  distribution  in  a  powder  pile  was 

3  2  2 

presented  in  an  earlier  report  on  this  contract  '  ,  The  initial  two- 
dimensional  analysis  assuised  particles  In  the  shape  of  uniform  circular 
cylinders  From  this  analysis,  it  was  eooeluded  that  the  angle  of  repose 
is  a  direct  measure  of  the  coefficient  of  friction  between  cylinders.  It 
was  also  stated  that  it  is  reasonable  to  assume  that  the  angle  of  repose 
will  be  less  than  60*  for  non-circular  shapes. 

The  dynamic  angle  of  repose  of  a  sample  of  finely  ground  Sm  was 
measured  over  a  vide  range  of  relative  humidities  (2.6^  to  65^)  at 
room  temperature.  The  meaaureoNsntB  were  mnde  Inside  a  controlled 
humidity  cabinet.  Prior  to  each  series  of  meaBurements  at  a  given 
humidity,  the  powder  vac  allowed  to  equilibrate  at  that  humidity  for 
a  period  of  at  least  I6  hours.  After  each  series  of  measurements  at 
a  given  humidity,  a  sample  of  the  powder  was  placed  in  a  tared  glass 

3.2.2  D1 8 semination  of  Solid  and  Liquid  SM  Agents,  General  Mills,  Inc. 

Hes.  Dept.  Heport  No.  212;$,  First  Quarterly  Progress  Keport,  Contract 
No.  nA-l8-064-CML-2745,  p  A-1,  (Oct.,  i960) 
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vetgbtnc  rcmovod  froa  th«  cekblzMt  for  molature  content  deter- 

e 

alnatlon.  Molature  content  vas  detenalned  ty  gseaauring  the  velgbt  Xoaa 
of  the  seople  after  being  placed  in  a  vacuua  oven  at  a  preaeure  of  about 
1  mm  Hg  and  teoperatuare  of  50*  C  for  a  period  of  2h  hours. 

When  oeaaunng  the  dynaaile  angle  of  repose  of  Sa  powder,  it  vaa 
noted  that  the  sloieof  the  powder  pile  vaa  not  uniform  but  appeared 
aa  shown  in' Figure  3*2.1. 


/ 

/ 


Figure  3.2.1.  Shape  of  Sm  Fcwdor  Pile  Obtained  in 
Dynamic  Angle  of  Repose  Bxperlmenta 


The  changing  alope  of  the  powder  pile  tsay  be  attributed  to  electro¬ 
static  charges  on  the  partlclea.  Aa  the  powder  la  sifted  through  the 
funnel,  the  large  clungia  have  enough  amaa  to  overcome  the  eleatroatatic 
forces  and  fall  straight  downward  onto  the  center  of  the  pile,  whereas 
Boaller  individual  particles  tend  to  be  deflected  outward  and  deposit 
around  the  periphery  of  the  pile.  Thlo  caueea  the  alope  of  the  powder 


io 
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pile  to  gradually  approach  zero  at  the  base.  It  vaa  notedf  however,  that 
there  was  generally  a  portion  (approxloately  la  the  tslddle  of  the  pile) 
vhere  the  elope  wae  unlfom.  In  the  preeeat  teete,  the  angle  of  repose^ 
was.  oeaeured  along  this  middle  portion.  The  resulta  of  the  meaeurenente 
nn  So  are  given  in  Table  3. II. 

Table  3.11.  Dynanlc  Angle  of  Repose  for  Sn  Powder 


Humidity 

(It) 

Moisture  Content 
ii  by  weight) 

Angle  of 
Repose 

Deviation 

2.6 

2.9 

46.9* 

1.6* 

12 

3.9 

45.5* 

1.5* 

24 

4.7 

49.0* 

2*0* 

42 

7.2 

53*9* 

1.4* 

65 

16.9 

50.7* 

2.7* 

The  data  in  Table  3,11  are  presented  graphically  In  Figures  3*2.2 
and  3* 2* 3*  Figure  3*2*2  shows  .the  relationship  between  tne  dynamic 
angle  of  repose  and  the  percent  relative  humidity  of  the  air  inside 
the  cabinet.  Figure  3,2.3  shows  the  relationship  between  the  dynamic 
anf'le  of  repose  and  the  moisture  content  of  the  powder  sample.  It  is 
'.een  that  the  angle  of  repose  is  maximun  for  a  relative  humidity  of 
about  and  for  a  moisture  content  betwjen  and  16.^. 

It  is  planned  to  perform  additional  i-.ests  on  Sm  powder  including 
the  piston-cylinder  tilting  table  and  disc-lifting  experiments.  These 
investigations  will  be  conducted  at  various  relative  humidities  in  an 
t'rvi ronmental  chamber.  An  attempt  will  be  made  to  correlate  the  present 
data  on  angle  of  repose  with  these  measurements  in  order  to  determine 
the  significant  properties  of  Sm  powder  which  affect  the  angle  of 
repose  measurements. 
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FIQUBE  3.2.2  DYNAMIC  ABOM  CP  REPOSE  (©  )  AS  A  FUNCTION  OF 

RELATIVE  irUMDiry  OP  3UHROONDIKO  AIR  FOR  SM  POWDER 
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FIGURE  :J.2.3  DYMMIC  ANGI£  OP  REPOSE  (  0  )  AS  A  FUNCTION 
OF  MOISTURE  CONTOJiT  OF  SM  POWDER 
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4.  TBaotaam,  srusxss  97  load  raA^sMzsdiONS  ur  ?AB!CzciiLAtK  MAamoAifi 

Osa  agpact  of  tha  current  study  of  dry  agant  dlsseoinotion  syeteas 
Is  tba  axonlnatioa  of  feeding  and  handling  cbaraotaristlos  of  dry  particu¬ 
late  neterlala.  nwae  characterlstles  may  reasonably  ba  expected  to  depend 
on  certain  bulk  properties  of  the  material  such  as  density,  coiiq>actlblllty 
and  shaor  strength.  In  turn,  these  bulk  properties  are  dependent  upon  In- 
terportlcLe  forces  and  interactions  among  individual  particles  and  groups 
of  particles. 

One  of  the  goals  of  the  present  study  is  to  detemlne  the  bulk  physl> 
cal  properties  of  u  particulate  materlol  which  ore  responsible  for  Its 
behavior  under  applied  loads.  On  the  basis  of  information  available  at  the 
present  time,  it  appears. likely  thot  the  compactlbllity  end  ohear  strength 
charucterlatlca  of  u  particulate  material  are  of  primary  importance  In  de¬ 
fining  the  static  load-currying  and  yield  characteristics  of  the  material. 

Ihc  physical  properties  which  govern  the  behavior  of  particulate 
nntcrlulo  rauy  be  different  for  different  types  of  materials.  For  example, 
un  Immediate  distinction  cun  be  made  between  materials  exhibiting  dllatant 
characteristics  and  compactlblc  materiols.  Materials  in  the  fomsr  category 
(e.g. ,  dry  cond  or  steel  shot)  appear  to  have  well-defined  shear  yield  char- 

li  1 

acterlstlcs  over  u  wide  range  of  stresses.  On  the  other  hand,  coopactlble 
materials  are  subject  to  secondary  affecto  of  compaction  on  shear  strength 
which  modifies  and  complicates  their  behavior. 


4.1  Tersaghl,  C. ,  Theoretical  goil  Mschanios,  John  Wiley  and  Sons,  W.  Y., 

{1943) 
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A  furtiiar  classlficatlaa  of  dllataat  mtoriala  eaa  ba  mada  on  th« 
busla  of  partlcli!  size.  For  large  particles,  Intarpartlcla  forces  will  gen 
erelly  be  small  cojapurel  with  the  maaa  of  individual  particles.  As  the 
particle  size  decreeaes,  it  la  clear  that  interparticle  forces  will  aestaae 

a 

relutlvely  greater  importance.  As  a  consequence,  finely  divided  dry  mnterl 
.»13  ccin  be  cxrw<M<!d  tn  exhibit  increased  sheer  strength  when  compared  to 
natorluls  of  the  came  type  which  are  composed  of  large  particles.  Further¬ 
more,  tlie  finely  divided  material  will  retain  some  shear  resistance  at  zero 
eonpresalve  load,  whereas  the  shear  strength  of  dry  particulate  materials 
node  up  of  large  partlcleo  must  vanish  at  zero  load. 

From  this  brief  discussion  It  Is  apparent  that  dry  powders  can  be 
ceparated  into  severol  cotegorieo  with  lespect  to  the  bulk  physical  proper¬ 
ties  which  determine  the  behovlor  of  these  materlsls  under  load.  Clasalfl- 
cution  of  materials  in  this  vny  depends  upon  experimental  studies  of  the 
various  types  oi‘  powders  conducted  under  carefully  controlled  conditions. 

A  proitilBln(j  experimental  technique  for  measuring  the  shear  strengtJi  ond  com 
pnctiblLlty  churoctoristtca  of  particulate  moteriulB  is  discussed  In  the 
following  pages. 

^•1  Bulk  Phyoicol  Properties  oi’  Powders  Relating  to  Static  Lend  Trans- 
mission  and  Yield  Strengtti  Characteristics 

The  most  irapoi-tont  bulk  properties  of  o  particulate  material  insofar 
QB  static  behavior  is  concerned  appear  to  be  density,  conpactiblllty  and 
shear  strength.  These  properties  are  of  course  interrelated;  l.e.,  the 
shear  atrength  characteristics  will  In  general  depend  on  the  degree  of  coa- 
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paoUoB  of  tba  povder,  as  vlll  tba  toosityt  In  tte  pnwnt  coataxt^-  ^atosa 
vhich  Influenea  th*  behavior  of  a  povdar  ouch  os  hxiaidlty,  pre&enee  of  addl- 
tiv**!  ate.  >  are  conaldered  to  be  lflq;>Iicit  in  the  bulk  propertlea  of  the 
material. 

Sxperloenta  have  ehovn  thee  the  ahear  strength  characteriatlea  of 
many  granular  and  particulate  asteriala  ore  of  the  type  Illustrated  by  Fig¬ 
ures  b.l.l-a  and  4.1.1<b.  For  dllatant  materials  such  as  dry  sand,  glass 
beads,  etc.,  which  are  coiq»sed  of  particles  whose  weight  is  large  sospared 
to  Inter-partlculute  attractive  forces,  the  shear  strength  Xq  can  be  rep¬ 
resented  by  the  following  equation: 

'fg  «  O’tan  0  (4.1) 

where  CX  is  the  compressive  stress.  Ihe  angle  0,  called  the  "ahear  angle," 
la  a  constant  for  a  given  material  of  this  type.  Departures  from  this  equa¬ 
tion  nwy  be  expected  at  very  high  compressive  stresses  due  to  fracture  of 
partidca. 

In  the  case  of  compressible  materials,  the  critical  shearing  stress 
may  be  represented  by  an  equation  of  the  form: 

Tg  -  (CX+  CXq)  tan0  (4.2) 

The  conatant  O'g  expression  defines  the  shearing  strength  of  the 

noterlul  at  zero  load.  The  shear  strength  characteristic  expressed  by  ftqun- 
tlon  (4.2)  has  not  been  adequately  verified  experimentally  for  compressible 
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Cczttpresslvn  Strssa^  (T 
a}  Dry  Oilat&nt  Materials 


CcnpresslvB  Stress,  <T~ 
b)  Conpactlble  Materials 


Figure  4.1,1  SlEAR  STRENGTH  CHARACTERISTICS 
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FICWRE  4,1.2  RESOUWION  OF  STRESSES 
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orgmlc  mattriala.  aovaver,  availabl*  lafomtlon**^’^***’*  Indlcataa  ttot  ti» 
following  behavlop  nay  expected: 

(a)  will  InoreBBe  with  increasing  density  (l.e.>  compaction)  for 
a  given  material, 

(b)  Squotlon  (*»•  ';)  '*1-11  apply  a  good  approxlcetlon  to  uhsor  ctrunjifcti 
charactoristica  over  a  restricted  range  of  eonpressive  stresses, 

(o)  the  curve  of  vs(f  will  be  concave  upward  with  Increasing 

comprecslve  stress  os  indicated  In  Figure  4tL.l-b.  This  charac* 
terlatic  would  correspond  to  teat  conditions  in  which  Tg  la 
deternined  for  u  sequence  of  increasing  compressive  stresses.  If 
the  naterlols  Is  compressed  sufficiently  to  cause  compsctlon  prior 
to  shear  testing  ut  reduced  eonpressive  stresses,  0*o  will  be  in¬ 
creased.  However,  if  sheor  fullure  occurs  pt  reduced  load,  it 
nay  be  expected  that  the  sheor  strength  will  drop  considerably 
after  failure.  This  suimlse,  .which  will  be  checked  experiment¬ 
ally,  may  account  for  the  type  of  shear  failure  observed  in  disc- 

4.3 

lirtlnc  experimento  with  organic  powders. 

At  sufficiently  high  otreaocs,  particulate  raaterials  may  exhibit 
plastic  characteristics  ao  indicated  by  the  dashed  line  In  71guit>  4.1. 1-b 

The  yield -stresQ  conditions  for  a  powder  'jnder  load  can  be  formulated 
in  terms  of  the  applied  stresses  by  neons  of  the  following  analysis.  Con¬ 
sider  a  small  voltiue  element  In  a  bed  of  powder  as  shown  In  Figure  4.1.2. 

4.2  Taylor,  0.  W.,  Fundamentals  of  Soil  Mechanics,  John  Wiley  and  Sons,  N.  Y., 
(1948). 

4.  3  General  Milla,  Ine.  Report  No.  212^,  Dissemination  of  Solid  and  Liquid 
BH  Agents  ^Unolaaslfie*!  Title)  p.  46  (October  13,  I960)  (SECRET), 
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It  la  aasiinad  that  tha  atrasa  dlatrltutioa  la  tw}>dliBaaaloaali  ao-  tlwrt  tha 

•  ► 

state  of  atrasa  is  fully  daacrl'bed  by  ths  noiml  stress  coisponanta  (0^^# 

(^y)  SAd  the  shearing  streaa  T^.  If  the  aonnal  and  shearing  stressea  on 

a  plane  at  an  angle  $  to  the  x*axia  are  detemlned  (see  figure  If.  1.2),  It 

la  found  that  the  state  of  stress  can  be  expressed  by  the  equations: 

a  -  Hcf  ^cj')  *  CT  .  rT  )  COB  20  .  r  2^  (1..3) 

'^n2xy2y''x  xy 

T  =  ^  <0'  -O')  20  +  f  cos  2  0  (U.if) 

?  y  X  xy 

These  equations  con  be  Interpreted  In  terms  of  a  "circle  of  stress"  In  the 
stress  plane,  as  Illustrated  by  Figure  4.1.3.  If  a  circle  is  dravm  through 
the  points  (O'x*  *  ^xy^>  (  ^y»  +  ^xy)  stress  plane,  the  stresses 

and  X  corresponding  to  the  angle  Q  vlll  lie  on  this  circle  at  an  angle 
20  from  the  point  (  -  T^y)’  yield  condition  expressed  by  Equation 

i,,l)  corresponds  to  the  case  for  vhich  the  otreas  circle  is  tangent  to  the 
Line  T  ■  (T  tun  .  In  flijure  4.1.3  the  maximum  and  ninimua  compressive 
stresses,  correopondlng  to  T  ■  0,  ore  denoted  by  and  respectively, 
from  the  figure  it  is  tauily  coen  that  the  condition  for  shear  failure  is; 


3ln(h  - 

0l  +  (^2 

In  terma  of  the  x,y  coordinate  system  and  the  corresponding  stresses 
and  T^y>  the  condition  for  shear  failure  la; 


ain 


4> 


0^  *  Uy 


(Jyi,  Cy 
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Sqiiation  la  tbe  liaals  for  tha  ao^caUad  "triaxlal  abaar  teat"  £62-  -- 

•  1^.2 

determining  the  critical  shear  strength  of  a  particulate  material.  Tri- 

axl'al  ahcoi’  testa  ora  carried  out  with  the  apparatus  shovn  achamiytlcall/  la 

figure  ^>1.4.  A  cylindrical  sample  of  the  material  to  be  tested  la  sealed 

Vi  thin  u  thin  rubber  tneudBrarw.  sample  la  then  pieced  in  the  cylindrical 

larrol  of  tJie  tent  appamttia  as  shovn  in  the  figure.  Provision  la  made  for 

preaoming  the  chamber  to  u  pressure  pjj.  The  volume  change  during  pressurl- 

z'-itlon  cun  bo  meuaured  if  desired.  An  uxlal  ioudi  7^  la  then  applied  by 

(Vans  of  u  piston  us  indicated  In  the  figure.  If  Pg  is  maintained  constant 

wlul.'i  F  Is  liicreuoed  until  the  aanplc  falls,  u  stress  circle  corresponding 

\o  uiicur  failure  at  the  mean  streos  Is  obtained,  where  7  =fPi  "  P;)*. 

2 

By  conducting  thciio  tcatc  over  u  range  of  values  of  pg,  the  shear  strength 
•nanicteriotlc  moy  be  established  as  the  envelope  of  a  series  of  stress  clr- 
ri.-j  an  shown  In  Figure  4. 1.5.  Wltli  oultoble  inotrumentotlon,  the  linear 
;.r.  t  volume  compression  (or  dilatation)  of  the  sample  may  also  be  determined. 
T.^irixuil  tests  arc  commonly  used  for  evaluating  coll  samples.  It  is  poos- 
li'lc  time  such  teste  could  also  be  employed  to  advantage  in  defining  the 
fi  ycictil  charactcriotics  of  organic  purtlculote  naterlulo.  Docause  of  the 
fon.M  durable  information  available  from  these  tests  ond  the  posoibllity  of 
lioGcly  controlling  the  test  conditions,  trlaxlol  tests  mlel)t.  be  useful  as 
conoLKtency  tests  for  dry  agent  moteiialo. 

!t.2  Taylor,  D.  W.,  Fundamentals  of  Soil  Mechanics,  John  Wiley  and  Sons,  N.f. 
(19^). 
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Cyllndrlcil  T»9t 
SpeclaBti  of  Croas- 
Secttooal  Area  A 
(Bncloaed  Within 
'Thin  Manbram) 


Pnsaun  Maintained 
at  P2  Chtober 


FIGURE  4,1.4  TRIAXIAL  TEST  nXTURE 


2 


FIGURE  4.1.5  DETERHIHATIOH  OF  SHEAR  STREROTH 
CHARACTERISTIC  FRCM  TRIAXIAL  TESTS 
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**■2  Theoretical  AMlyaH  of  Load'TranBglBalon  andl  Shear  Failure  In 
Partlottlate  aeda 

A  aurvey  of  the  lltaratuze  pertaining  to  load  trananlsalon  in  granular 
or  particulate  naterlala  has  failed  to  dlseloae  a  general  theory  for  analys¬ 
ing  the  atreea  distribution  and  yield  conditions  in  such  materials.  Most  of 
.  the  available  theoretical,  oapirlcal  and  ojqperlaBntal  investlgatlono  reported 
In  the  literature  ore  concerned  vlth  soils  and  sail  mechanics  (on  extensive 
bibliography  la  given  In  Reference  4.2).  The  theory  and  methods  of  soil  mech¬ 
anics  are  for  the  most  pert  too  specialized  for  direct  application  la  the 
preoent  study.  Ifovever,  considerable  benefit  haa  been  derived  from  a  study 
of  this  literature,  which  has  helped  to  define  the  existing  "state  of  the 
art”  with  regard  to  the  nechanica  of  particulate  materials. 

The  principal  difficulty  in  analyzing  the  behavior  of  particulate  beds 
under  static  loads  lies  in  the  analysis  of  stress  conditions  within  the  mat¬ 
erial  which  load  to  rupture.  In  opeci^l  cooes  where  the  principal  stresses 
are  known.  Equation  (4.5)  can  be  applied  directly  to  determine  the  shear  lines 
in  a  particulate  bed.  An  example  of  this  type  la  given  below.  Generally, 
the  stress  distribution  at  rupture  cannot  bo  readily  found,  even  If  it  is 
asstuned  that  the  nsterial  behaves  elastically  up  to  the  point  of  shear  fail¬ 
ure.  Two  exnapleo  based  on  the  assumption  of  elastic  behavior  are  presented 
and  discussed  In  the  following  pages. 

Analysis  of  the  Loud  Distribution  in  a  Powder  Due  to  its  Vetgit 

Consider  a  powder  of  density  ^  in  equilibrium  under  its  own  velght 

in  a  large  container.  The  average  vertical  stress  at  a  depth  y  laOl  v  7v. 

¥ 
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Th*  pemiaalbl*  ranga  of  lateral  atrasaaa  can  be  detanaiMd  from  Bq,uatlon 
since  0^  and  (J’y  are  principal  straaaea.  Solving  B«juatlon  (U.5)  for  the 
ratio  ^1/(^2  ™ 


^1  1  >  sin(j> 
(j  1  -  8ln  0 


•  tan 


(1^.7) 


where  ^  ■  7  In  the  present  case.  Since  the  roles  of  0^  and  0^«  may  be 
1  'y  .  J- 


interchanged,  ve  find  that  the  ratio  — ?  must  lie  in  the  range: 
tan^  (? 


mw  wiw  gavAU  iQua  V  juaa  mm 

rr  2,7r^(/>. 

=  (t *-?) 


The  llnita  In  this  inequality  correspond  to  the  onset  of  slippage  of  the'  ma¬ 
terial  in  the  bed.  The  correcpondlng  slip  planes  are  indicated  by  the  diago¬ 
nal  linos  in  Figure  U.2.I.  When  concentrated  louds  are  applied  to  a  particulate 
mutcriol  the  slip  surfocea  are  difficult  to  define,  as  cun  bo  seen  by  the 
rullowlng  example. 

U.2,2  Anslystc  of  Critlcul  Loads  for  pcnctx-ation  of  a  Bed  of  Powder 

In  an  effort  to  gain  Insight  into  the  behavior  of  u  particle  bed  when 
subjected  to  concentrated  loads,  the  following  special  case  :'as  examined 
in  oome  detail.  Consider  u  horaoBeneouo  bed  of  powder  uubjectod  to  a  downward 
Loud  applied  at  the  surface  of  the  bed  by  means  of  a  rod  of  rectangular  cross- 
saction  us  shown  in  Figure  4.2.2-a,  Tlje  iod  is  of  width  2a  and  so  long  that 
the  otresB  distribution  within  the  particle  bed  can  be  considered  two- 
dimensional  in  vertical  planes  normal  to  the  axis  of  the  rod.  The  load  per 
unit  lengtl.  required  for  penetration  of  the  bed  is  to  be  found,  assuming  a 
shear  strength  characteristic  expressed  by  Bquatlon  (4.2). 
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a)  1-^dlng  of  Bed  by  Means  of  Long 
Rectangular  Rod 


b)  Load  Readjustment  Due  to 
Local  Shear  failure 

RlOl’RB  k.2.2  IcmHATIOK  THB  SURPACS  OP  A  PAR7ICLS  BO 


tn  carrying  out  this  anslycls,  it  my  ho  assuasd  that  tho  atross  dls- 
trlhution  would  correopond  to  olastie  bahavlor  of  tho  particulate  naterlal 
up  to  the  point  of  shear  failure.  If  the  applied  loud  roaults  la  loeal  shear 
failure^  a  roadjustsent  of  the  loading  must  ocoir.  This  la  llluatratod  hy 
Figure.  4.2. 2-h.  Ihe  rectati(^lar  loading  indicated  in  Figure  4.2.2-b  results 
in  local  shear  falluro  at  the  edge  of  the  rod,  thus  requiring  a  rediatrlhu- 
tlon  of  loading  vlth  a  greater  concentration  in  the  center  of  the  rod.  flie 
toaxInnuB  load  which  can  be  carried  eorreeponda  to  a  load  distribution  which 
would  result  in  sisultaneous  shear  failure  along  a  continuous  surface  within 
the  bed  as  shown  in  Figure  4.2.3. 

'Hm  stress  distribution  in  a  seal  •infinite  solid  subjected  to  a  uni* 
fom  surface  pressure  p  between  x  <•  -a  and  x  ■  a  (see  Figure  4.2. 2>a)  is 
expressed  by  the  equations: 

^  I  (sin  -  Bln  'i^)| 

fjr  I  -‘^1  *  \  .  Uoin  2  ,'.^  -  oln  2C^)j  (4.9) 

?7r  {  ^^1) 

By  using  these  equotlonc  the  stresses  due  to  a  generalized  pressiure  p{x)  In 
-0  :5  X  <  a  nan  be  expressed  in  the  following  form: 

4.4  Jiirgew  ",  L. ,  The  Application  of  Theorlei  of  Elasticity  and  Plasticity 
to  Foundation  Problems,  J.  Boston  Soe.  r.S.  (JViIy  1934) 
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FI  GUIS  1.  2.3  SHEAR  3URFACS  AND  LCAO  DISTHIBUTICKI  FtR 
FEieTRATKM  OF  SURFACE  OP  PARTICLE  £ED 
IN  ILLUSTRATIVE  EXAMPLE 
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’^y  (»iy)  •  ^ 

TT 


j  pI^pT 


(4.10) 


r  f7z\  ^  f  ,p(»)  _ <*» 

^xy  TT  /  [(^2  +  ^J2 


From  Squation  (4.2)  the  shear  yield  condition  can  be  expressed  in  the  forsu 


‘P  •  tf.. .  dr  V^,ili  (?) 

Po  Pe  • 


(4.11) 


vhere  i  >  — £•  ,  0^  i  »  — J(  » T "  *  -SL. ,  ^ia  the  density  of  the  naterlal 
*  Po  y  Po  Po  '  ■ 

and  «  p(o).  Tlie  maxiatua  load  supported  by  the  particle  bed  before  shear 
failure  occurs  con  be  determined  from  Equations  (4.10)  and  (4.11).  For  given 
values  and  ?^a^  It  is  necessary  to  detenslns  the  pressure  distri¬ 

bution  p(x)  vhlch  yields  the  nexlmuo  load  ?,  vhere: 


F  .  /  p(x)  dx 


(4.12) 


The  maximum  load  is  very  difficult  to  detensiim  In  general  becausa  of  the 
nature  of  the  shear  failure  condition  given  by  Equation  (4.11),  A  specific 
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ha»  1)«ta  vorkid  out  for  t]M  eoaditionat  0  ■  m  Oil 

m  0.15  9g>  ^  choosing  snd  Yb  la  this  namner,  (l>s«>  so  that  these 
ffsctors  are  proportioned  to  p^)  it  vos  fovad  possible  to  use  a  triangular 
loading.  The  resulting  force  for  penetrating  the  surface  of  the  bed  la 
^0  -  6.67  The  shear  f  .lliire  surface  corresponding  to  this  load  Is 

depicted  in  Figure  i*.2.3.  If  the  load  Is  Increased  by  10  percent,  the  shear 
failure  region  prior  to  collapse  Is  shown  as  the  shaded  area  In  Figure  4.2.3. 

The  shape  of  the  failure  zone  suggests  that  shear  failure  would  be 
accompanied  by  heaving  up  of  the  naterisl  close  to  the  rod.  This  type  of 
failure  has  been  observed  qualitatively,  although  no  msasureRients  have  been 
made  to  detennine  critical  loads. 

This  example  Indicates  the  coa^tatlonsl  difficulties  which  are  en¬ 
countered  In  analysing  the  loads  which  can  be  sustained  by  beds  of  powder. 

A  Btich  alinpler  case  of  the  resistance  offered  by  a  bed  of  powder  to  penetra¬ 
tion  from  above  has  also  been  analyzed.  Proa  Equation  (4.9),  It  can  be  shown 
that,  In  the  llult  as  "a"  tends  to  zero  while  P  ■  2pa  Is  held  constant,  the 
stress  distribution  becoses  radial  and  Is  expressed  by  the  tquatlonst 

-Oi  f  mO  (4.13) 

In  a  bed  of  powder  for  which  the  pressuze  distribution  due  to  the  wel^t  of 
the  powder  Is  hydrostatic,  the  prlnolpol  stresses  will  be  radial  and  tangen¬ 
tial  with  magnitudes: 

Oi-I  J,*  Yr 

-  TV 
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ala  <j^)  -  (l  r®)"^ 

Surfaces  cf  shear  failure  are  thus  cyllz;drlcal  with  the  axis  lying  at  the  pev- 
dter  surface.  Trom  this  it  follovs  that  if  a  sacoth  rod  of  radius  R  is  eahedded 
In  the  povdar  to  a  depth  R,  the  force  per  unit  lengthi  req;ulred  to  force 
the  rod  into  the  bed  la: 


the  above  theoretical  results  rest  upon  several  loportant  assusvtlons: 
(1)  the  particulate  material  behaves  elastically  and  isotropically  up  to  the 
point  of  shear  failure,  (2)  the  streasea  are  sufficiently  low  to  avoid  corn* 
paction  under  the  applied  loads  (which  might  modify  the  shear  strength 
characteristics  or  destroy  the  Isotropy  of  the  msterlsl,  (3)  the  dlnenslons 
of  the  container  ore  larjje  compared  to  the  width  of  the  loaded  area  of  the 
bed  surface. 

BieSf’  theoretical  conclualono  are  subject  to  experimental  verification 
for  various  types  of  granular  or  particulate  materials.  Such  experiments  are 
planned  In  future  work  relative  to  the  physical  behaWor  of  porticle  aggrega¬ 
tions. 
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.  SXFBRSOmAL  SIUDIS8  Cf  LOAD  miBMZSSlOir  IIT  SPSCZFIC  ARlUklCS 

In  a  pr«TlQU3  'raporti^*^  raaulta  were  presented  frca  a  tbeoretleal  study 
of  load  transnlsaiOB  In  regular  arrays  of  diaka  and  cylindera.  In  ordar  to 
verify  these  eoselusloiu  experinentally,  testa  with  regular  arrays  were 
carried  out  using  the  test  fixture  shown  In  Figure  5<l-a«  This  device  eon> 
slats  of  an  alumlnua  frBae«l6  ca  hi^  hy  39  ca  vlda^  designed  to  support 
the  plexiglass  side  vails  with  a  spacing  of  O.38  cm.  Teflon  cylinders  with 
a  dlanater  of  0.99  cm  and  a  thlchiMss  of  0.29  ca  were  used  in  the  testa.  An 
upward  force  could  be  applied  to  one  of  the  cylinders  In  the  bottom  row  by 
a  snail  platfuna  at  the  floor  of  the  teat  fixture. 

The  flrat  configuration  considered  was  the  hexagonal  arrangement  shown 
in  Figure  J.i.b.  According  to  the  theoreticel  analysis,  the  force  required 
to  lift  the  platform  is  j  (n  1)  W  where  n  is  the  number  of  tiers  and  W  la 
the  weight  of  one  disk, 

Vhen  an  upward  force  was  applied  to  the  platfom,  the  cylinders  elcper> 
ienclng  movement  were  found  to  be  c<»italned  within  a  wedge  whose  sides  form 
an  Isocelea  triangle,  as  predicted  by  the  theory  (see  Figure  9>l'a}> 

TCete  were  performed  with  the  aid  of  a  Jolly  Balance  to  determine  the 
force  nacesesrj  displace  the  wedge  at  various  depths  of  the  cylinders. 

The  results  ere  as  follows: 


9.1.  Ger.eral  Mlllo,  Inc.  Report  ffo.  2l6l,  Second  Querterly  Progress  Report 
on  Dissemination  of  Sclld  and  Llqpld  BU  Agents  (Unclassified  Title) 
Feb.  13,  1961,  pp.  4o-59  (Confidential), 


Page  determined  to  be  Unclassified 
Reviewed  Chief,  ROD,  WHS 
lAW  EO  13526,  Section  3.5 

JUL  1  9  20B 


Page  determined  to  be  Unclassified 
Reviewed  Chief,  ROD,  WHS 
lAW  EO  13526,  Section  3.5 


Btleht 

(no.  of  Tiara) 
6 
9 
12 


Thxawtlol  Tore* 
8.15  grana 

30.26 


fore*  to  nsplae* 

Wodflt _ 

11.32  grama 

22.90 

39.00 


Iba  dlaerasaney  batveen  tha  force  required  to  dltplaca  the  vedga  and  tba 
weight  of  the  wedge  nay  be  attributed  to  friction  In  varloua  parta  of  the 
ayataoi  l.e.,  friction  between  the  pin  used  to  ralaa  tha  platform  and  the 
be*e  of  the  nodeli  between  the  cyllndera  and  tha  walla,  and  between  the 
cylindera.  It  la  Intereatlng  to  note  that  the  difference  between  the  mea- 
aured  and  predicted  force  la  very  nearly  proportional  to  the  meaaurcd  force, 
which  Indlcatea  that  the  diaerepancy  la  due  to  frictional  effecta. 

The  second  configuration  eonaidered  waa  the  he  agonal  arrangaaent  shown 
in  Figure  5.1*b.  For  this  arrangeiaent  the  predicted  load  for  raising  the 
platform  l8(n-»l)  (n-l)W,  The  force  required  to  diaplaes  the  wedge  in 
this  caae  uae  also  found  to  exceed  the  force  predicted  by  the  theory. 

Again  the  percentage  increase  above  the  yield  force  predicted  theoretically 
wee  found  to  be  proportional  to  the  applied  force,  the  constant  of  propor¬ 
tionality  being  very  nearly  the  sane  aa  In  the  previous  eaae. 

Figure  5tl-b  indicates  how  the  cylinders  are  displaced  when  an  upward 
force  ia  Applied  to  the  platform.  The  verticel  row  of  cyllndera  directly 
above  the  platform  move  the  saioe  distance  that  the  platform  tnoves.  ‘nwae 
cylinders  in  turn  displace  the  cylindera  in  the  triangular  regions  at  each 
aide  of  the  central  row  at  an  angle  of  30*  to  the  horizontal  in  accordance 
with  the  theory. 
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Rxseriaants  have  also  bsen  perforaisd  with  ths  tsfloa  cyllodsrs  revlacsd 
by  «  olxturs  of  different  aizes  of  lead  shoti  The  sizes  ranged  froi  0.228  ca 
to  0.320  ca  diameter.  A  raodoa  distribution  vas  obtained. 

Time  rtposure  pictures  vere  taken  aa  an  upward  force  was  applied  to  a 
one*lnch  long  piatform  on  the  floor  of  the  model  (Figure  5.2).  -Movement  of 
partlclea  Is  Indicated  by  the  appearance  of  blurred  spots. 

Obiervstlons  Indicated  that  particles  at  the  base  of  the  bed  could  exper* 
fence  ccnsldeisble  movement  before  particles  at  the  top  of  the  bed  would 
move.  The  particles  directly  above  the  platform  experience  the  most  nx>ve- 
meut  S',  any  clven  level  in  the  bed.  Near  the  base  of  the  bed  particles  which 
are  at  a  conaldc.-able  dlutance  to  the  rlgtit  or  to  the  left  of  the  platform 
experience  moveiaent  while  at  the  top  of  the  bed  the  particles  which  are  not 
directly  over  the  platform  experience  little  raoveneit.  ‘Phese  observations 
indicate  that  •'(^nfi^’l'.trations  which  are  not  In  a  mlnimum-volune  stote  are 
able  to  accommoOato  r.onalderabla  local  dlaplacenent  without  large-Euale  dia- 
piaoemeri*  of  material.  This  is  evidenced  by  tlit  rapid  decay  of  displacement 
with  increasing  dicttin’c  from  the  point  o;'  load  application. 


'  ^+3  - 
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6.  uraBSTiaAizoifs  or  FftoinvriKa  siisooss 

During  this  reporting  periolj  axperiiaentei  vork  on  egg  slrurrlee  vas 
continued  to  provide  data  neceasary  for  the  proper  design  of  dleeealnatlon 
systeaa  for  agents  involving  this  type  of  Hqjild  carrier. 

AoffumuLatlon  of  rheological  data  on  suspensions  of  Ota  In  a  liquid 
fluoTochenlcal  was  continued  to  provide  information  needed  for  evaluating 
the  feasibility  of  dlasemlnatlng  normally  dry,  powdered  agenta  throii^  use 
of  concentrated  slurries. 

6.1  Properties  of  Egg  Slurries 

At  the  present  time,  certain  aganta  must  be  prepared  in  an  egg  slurry 
carrier  medium.  Disseminators  for  such  liquid  agents  must  provide  facllittes 
to  prevent  solidification  of  the  slurry  In  the  store  ^en  the  ambient  tem¬ 
perature  falls  below  the  freetlng  point.  /jBoag  the  fsetore  detemlning  the 
nature  of  these  facilities  are  the  specific  heat  and  thoraal  conductivity  of 
the  slurry. 

Apparatuses  for  determining  these  two  thenaal  properties  of  slurries 
were  designed  and  constructed.  The  heat  capacities  of  the  four  frozen  egg 
slurry  aamples  received  from  Fort  DetrlcK  (V.E.S.  #1,  #3,  and  #h)  were 

determined  as  a  function  of  temperature.  The  theiaal  conductivity  apparntua 
is  being  calibrated  at  the  present  time,  and  measurements  on  these  egg  slurry 
samples  will  be  completed  in  the  near  future. 

6.1.1  Sieciflc  Heat  of  Slurries 

The  specific  neats  of  the  four  egg  slurry  sempies  designated  W.S.S.  #1, 
#2,  ,f3,  and  #4  were  determined  by  the  heating-curve  method  at  Intervals  of 
a^?out  1.3*C  in  tha  temperature  range  fros  0  to  34*C.  A  measured  quantity  of 
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“  eXoctrlcal  energy  vae  supplied  to  a  heating  coil  latBiraed  In  the  llqjiid  con** 
tents  of  a  coloritoster  and  the  tengieratura  response  was  recorded  hefore* 
during,  and  after  energy  Input. 

6.1. 1.1.  theory 

When  a  constant  current,  I,  under  a  constant  emf,  C  ,  is  msiatsined 
tlirou*{h  a  heatln(j  coll  for  a  period  of  tloe,  t,  the  e(]ui valent  heat  supplied 
to  the  culorlBBwr  t»y  be  calculated  from; 

0  .  C  l  ^  (6.1) 

^  J 

where;  J  a  U.l31»  Joulcs/cal  (the  mechanical  equivalent  of  heat). 

This  quantity  of  hoot  cauaea  a  rise  In  temperatxire  of  the  calorimeter 
and  Its  contents  such  tltut: 

a  •  WCp  A  T  ♦  Cp  At  (6.2) 

where;  U  «  wlfjhi  oi'  liquid  in  calor-lmBter  (fin) 

Cp  a  opaclflc  heat  of  liquid  (cal/gm  *C) 

At  a  teniiK^r-tire  I'i'.i.? 

C  a  avonige  hetit  cei.)acit/  of  tiw  calorlsster  inoludlng  container,  ther 
norm. ter,  stirrer,  etc.  (caL/®C) 

6. 1.1. 2  .l£2._  rotus  end  Tachnique 

Ihc  opociflc  heat  of  the  egg  slurry  samples  was  deleralned  using 
the  apparatus  shown  In  flgiire  6.1.1.  Dewar  flBsJt,  insulated  with  two 
inches  of  Gtyrofiam,  Js  eqijtpped  with  a  glass  stirrer,  Beckmann  differential 
trienmjfflBter,  and  .Inatersion  heater. 
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Tropar  stirring  conditions  vsre  datemAned  e:qpsriiBint«lly  In  ordsr  to 
insur*  adequate  nixing  of  .ths  Dsvar  contents^  prsvant  eoagulatloa  of  ttas  agg 
protein  on  tte  anrfaoe  of  the  baatar«  and  prevent  foaming  of  tte  alurxT* 

llie  Becioinn  differential  themometer  used  to  aaasurs  tes^erature  rise 
has  a  6*C  range  and  la  xeadable  to  the  nearest  0.002*C<  Ihe  ataoliite  tem> 
perature  of  the  slurry  vna  datermlned  at  the  beginning  of  an  emperiaant  vlth 
a  National  Bureau  of  Standards  calibrated  thermonater. 

The  heating  element  la  a  soall  resistor  of  approximately  1^  ohms  re¬ 
sistance.  The  resistor  sad  its  copper  leads  are  coated  with  epoxy  realn  to 
prevent  deterioration.  The  heating  circuit  conslata  of  a  d.e.  pover  aupply 
operated  off  a  constant  voltage  transfomer,  a  differential  voltceter  and  a 
mllllamaeter  aa  shown  sehematleslly  in  figure  6.1.2.  The  vol taster  can  be 
road  to  the  nearest  0.01  volt  and  the  ammeter  to  the  nearest  0.001  ampere. 

In  use,  40.00  volts  were  impressed  across  the  restator  resulting  in  a  cur¬ 
rent  of  0.266  umpereo.  The  duration  of  the  heating  cycle,  three  minutes  in 
all  experiments,  wao  caeasured  to  the  neoreot  0.0?  second.  The  heat  produced 
resulted  in  a  temperoture  rise  of  about  1.3*0. 

The  average  heat  capacity  of  the  calorimeter,  0^  In  Sq^iation  (6.2),  was 
determined  from  experiments  conducted  with  double  distilled  water.  The  spe¬ 
cific  heat  of  water  os  a  function  of  teo^mture  la  well  known,  and  the 
value  at  the  mean  temperature  of  each  experltaent  was  used  In  the  calculations. 
By  delivering  a  known  amount  of  electrical  energy  to  the  caloriaater  filled 
with  an  aeourateiy  weighed  quantity  of  water,  the  teat  capacity  of  the  cal¬ 
orimeter  could  be  determined  from  the  temperoture  rlje.  An  average  value  of 
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20.29  +  0.10  cal/*C  VB8  dfltermlMd  from  six  oBaBurwBtnta  made  at  taoqiwraturea 
.in  the  range  from  0  to  3^*C. 

From  experlmenta  conducted  Tselow  room  temperaturOj  a  plot  of  th*  tem- 
perotiure  of  the  calorimeter  (Figure  6.1.3-a)  will  show  a  gradual  rise  with 
time  both  before  and  after  Input  of  electrical  energy.  Xhle  rise  la  due  to 
heat  Input  from  the  aurrouadlnga  and  from  atlrring.  Plota  from  experlmenta 
conducted  above  room  temperature  will  show  a  gradual  fall  In  temperature  with 
time  (Figure  6.1.3-b).  The  tine  rote  of  change  of  teeperature  during  the 
fore  and  after  perloda  was  found  to  be  anall  and  eonatant  for  a  particular 
temperature  Interval.  Under  conditions  of  greatest  extraneous  heat  Input 
(calorimeter  temperature  near  0*C),  the  rate  of  change  vns  found  to  be 
0.003*0/ minute  idien  monitored  over  a  period  of  15  hours.  With  this  small  a 
drift,  the  observed  temperature  rise  of  the  calorimeter  during  the  heating 
cycle  can  be  corrected  for  extraoeoua  heat  gain  or  loea  as  follows  (see  Fig¬ 
ure  6.1.3  for  notations): 


At  .  Tg 


where:  ^2  “  ^1  “  ^®‘*Sth  of  liaatlng  cycle  In  seconds.  To  obtain  the  data 
necessary  for  this  calculation,  tha  temperature  response  was  reeoxded  for 
a  period  of  five  olnutea  before  and  sifter  each  run.  Temperature  readings 
were  taken  at  thirty- second  intervals  during  the  fore  and  a.fter  perloda  as 
veil  aa  during  the  heating  cycle. 

The  specific  heats  of  the  egg  slurry  samples  were  determined  at  teo^era- 
ture  Intervals  of  about  1.3*  C  la  the  range  from  0  to  3^*  C.  "nie  upper  Unit 
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naum  6.1.3  hsipbbatui^  resfqbsi  curvi  wriho 
SIBCirrC  HEAT  DETSaaiMTIOllS 
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•  of  3^^*  C  Is  set  'tif  tbs  eoaguUtloe  tesQereture  of  egg  protein,  sad  the 
lower  Holt  by  the  freeslng  point  of  the  slurry.  Di^llsnte  dstendnatlons 
St  rsidoB  teoperstures  were  asde  perlodicslly  to  cheek  for  the  existence 
of  s  systeastic  error,  but  sgreenent  vss  good  In  sU  esses. 

Approxiastely  twenty  detemlnsttons  were  asde  with  esch  psrtlculsr 
egg  slurry  saavle  in  this  te^rsture  rsngs. 

Slurry  ssaples  of  300  >  300  gm  were  used  in  order  to  reduce  error 
due  to  eveporetlon.  Weight  loss  vss  dsteralned  by  weighing  the  eslorl-. 
neter  with  slurry  before  and  after  a  set  of  runs  and  was  found  to  be 
negligible  (less  than  0.2  percent).  The  slurry  saaples  were  kept  frosen 
until  the  tiae  of  testing. 

6. 1.1. 3  Sxperlaental  Results 

Values  for  the  specific  heats  of  the  four  egg  slxtrry  saaples 
designated  W.B.S.  #1,  #2,  #3,  and  #4  are  plotted  as  function  of  temperature 
in  Figures  6.1.U,  6.1. 3,  6.1.6,  and  6.1.7  respectively.  Qte  8trai|d>t lints 
through  the  points  were  calculated  by  the  gwthod  of  least  squares  and  appear 
to  be  an  adequate  representation  of  the  data.  The  largest  deviation  froa  the 
straight  line  was  about  1.3  percent. 

The  specific  heats  of  W.E.3.  #1  and  #2  were  found  to  be  essentially 
constant  over  the  teaperature  range  froa  0  to  3^*  C,  the  values  being  0.66 
and  0.91  cal/0t-*C,  respectively.  Saii^lc  V.S.3.  #3  exhibited  an  Increase 
In  specific  beet  with  increasing  teaperature  (0.9d  at  0*  C  to  1.00  at  34*  C). 
The  specific  heat  of  tf.E.S.  #4,  on  the  other  hand,  deoreasad  with  increasing 
teaperature  (l.OO  at  0*  C  to  O.96  at  3*»*  C). 
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FICUHS  6.1.5  SEECIFZC  BEAT  VS  TEHPEBATUICB  FOR  W.g.S. 


Tempereture  (*0) 

FIGOBE  6.1.6  SieCIFIC  li£AT  VS  TEHFEB&3UBB  FOR  V.E.S.  #3 


FIGUB£  6.1.7  SPECIFIC  HBA7  VS  ISMESiUVnJBE  FOR  W.E.S. 


6.1.2  Theraal  ConduetiYlty  of  Egg  Slurries 

A  method  for  oeasurlng  the  thermal  eouductlvlty  of  egg  alurriea 
has  been  selected.  An  apparatua  has  been  built  and  currently  is  being 
calibrated.  The  prelimlnazy  design  emsidsrations  and  detaUs  of  cca« 
struction  of  the  thermal  conductivity  cell  are  presented  in  this  report. 

6. 1.2.1  Theory 

nie  Fourier  heat  conduction  equation  for  one-dlmenslonal  steady 
flov  in  a  homogeneous  medium  can  be  vrltten  as: 
q  -  -  KdA  (g) 

Tnia  equation  states  that  the  steady  rate  of  heat  conduction,  q,  is 
p''s:portional  to  the  product  of  the  c rose -sectional  area,  dA,  normal  to  the 
flov,  and  the  tempereture  gradient,  along  the  conauotjon  path.  ‘Ris 

thermal  conductivity  coefficient,  K,  le  the  true  theraal  conductivity  of 
the  nedlum  ard  la  defined  as  the  heat  flcv  per  unit  time,  per  unit  tempera¬ 
ture  gradient,  through  unit  thickness  and  across  unit  cross-sectional  area. 

In  tnetrlc  unit*.  K  will  have  the  dimensions; 
cal  -  cw/sec  cm  "C. 

The  mean  thermal  conductivity  of  a  material  is  given  by: 

K.  -  ,  (Xi  ■  X^VA  (T^  -  Tj)  (5 

Both  the  m^fan  and  the  true  thermal  conductivity  of  a  given  material  vary, 
vlth  temperature.  Tho  relation  between  the  true  and  mean  thermal  con¬ 
ductivity  Is 

^  (’'l 

’l  (6.S) 
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Tqt  SBftU  path  lengths,  A  X,  K  nay  ha  eonaidered  to  vary  linearly  vlth 
tesqperature.  nay  he  seaaured  at  the  arithetaetlo  nean  of  and  Tg 
to  give  K  -  X^. 

A  literature  aeareh  of  aethode  for  aeaaurlng  theraal  eoa&uetlvlty 
of  liquids  revealed  that  the  pwthod  choaeo  must  provide  one-dlnenaional 
heat  flotf  vlth  negllglhle  natural  convection  in  the  liquid.  Froa  this 
survey,  It  appeared  that  natural  convection  could  be  eliminated  moat 
readily  by  enclosing  the  liquid  slurry  in  a  thin  horizontal  canister  and 
supplying  heat  to  the  canleter  from  the  top.  Either  adequate  insulation 
of  the  vertical  edges  of  the  canister  or  the  use  of  guard  heaters  can 
reduce  condition  In  the  horizontal  direction  to  a  negligible  value. 

6. 1.2. 2  Expert  mental  Apparatus  and  Technique 

Figure  6.1.6  shove  scheaiatlcally  the  completed  thenaal  ecxi- 
ductlvity  cell.  iVo  thin  canisters  arm  foned  by  the  three  copper  disci 
vhloh  are  enclosed  in  a  Large  diameter  Lu^ite  tube  insulated  vlth  Styrofoam. 
The  upper  canleter  is  filled  vlth  Ion-free  vater,  the  thermal  ccnduotlvity 
of  vfalcb  is  known  to  vlthln  0.6  percent^  vhile  the  lower  canister  is  filled 
With  the  egg  slurry  under  test.  The  cell  is  heated  from  the  top  with  a 
dlse-typm  heater  and  after  passing  through  the  tvo  liquid  layers,  the  heat 
is  removed  by  the  heat  sink.  Constant-Uisperature  water  supplied  from  a 
large,  constant- tesqierature  reservoir,  which  is  thoroughly  insulated  with 
Styrofoam,  is  circulated  through  the  heat  sink. 

Vlth  this  arrangement  of  the  cell,  themal  conduotivity  of  the  slurry 
sssple  can  bm  determined  from  the  temperature  differences  across  each  liquid 
(slurry  and  water)  and  the  thermal  conductivity  of  the  vater  at  its  mean 
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•  R»PT«9ents  Thcnsocoupla 
Locations 


teaqpenture.  This  relatlonahlp  1b  derived  as  foUova  for  one-dlaenslgaal 
heat  flow  (t.e.,  negligible  heat  losaea  through  the  valli): 

Ar^  At, 

*1"  (6.6). 

where  q  ■  heat  flux  through  the  eell 

-  thermal  oonductlvlty  of  water 
K,  >  thermal  conductivity  of  slurry 

m  ten^erature  drop  across  the  water  layer 
At,  ••  temperature  drop  across  the  slurry  layer 

A  m  area  through  which  heat  flows  (equal  for  both  liquids) 

A  X  «  distance  between  the  discs  (equal  for  both  liquids). 


Thus: 


and: 


Kw  -  '‘s 


(6.7) 


(6.8) 


The  temperature  drop  across  each  liquid  will  be  sieasurod  by  copper- 
constantan  thermocouples  buried  in  the  surface  of  the  copper  discs.  The 
thickness  of  the  liquid  layers  between  the  copper  discs  is  0.25h  ♦  o.OOl  cm. 
With  s  heat  flux  of  about  7  oal/sac  supplied  by  the  heater,  a  temperature  dif¬ 
ference  of  approximately  8*  C  will  be  created  across  each  layer,  ‘mese  tempera¬ 
ture  differentials  esn  be  measured  with  an  accurscy  of  +  2.5)1  if  the  wavifflim 
error  la  individual  thermocouple  readings  does  not  exceed  *  0.1*  C. 

The  sceursoy  of  the  thamsl  conductivity  messuretaeatB,  therefore,  will 
depend  largely  'jpon  the  ability  to  measure  accurately  these  snsU  temperature 
differences.  Ita  insure  maximum  accuracy,  each  of  tba  thermocouples  in  the 
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llaesliaa  toaen  call'brftted  ty  coBiparia<»  vith  a  hl|^  pracilloa,  glaaa- 
mercury  tharwoeter.  The  aallbratlon  curve  obtained  It  given  la 
Figure  $.1.9.  'The  data  points  for  all  six  tbaraoeouplas  used  in  tfae 
discs  are  plotted  In  thii  figurt.  The  naxlaua  devittion  from  a  straight 
Him  through  these  polnte  it  lest  than  0.00$  isv>  corresponding  to  a  Baxi> 
BUB  teeperature  error  of  less  than  0-13*  C.  Therefore,  the  desired 
accuracy  in  tbenasl  conductivity  values  should  be  obtained. 

Tha  tberii!oco'iple8  vara  calibrated  over  the  teeqperature  range  of 
0  to  c.  Thii  Is  the  oonteeplated  range  over  which  theraal  con¬ 
ductivity  oeaMTcnents  will  be  made. 

Each  of  the  cupper  discs  has  been  lapped  and  plated  with  nickel 
to  prevent  corxofion ,  The  two  thermocouples  in  each  disc  are  placed 
one  a:  the  center  ar.d  one  near  the  edge  to  permit  aeaaurenent  of  the 
radial  Beat  flow  in  the  discs.  In  addition,  a  thermocouple  Is  placed 
9t  the  Surface  of  the  Luclte  wall  halfway  between  the  two  dlsca  to 
permit  evaiuatto.')  of  the  radial  heat  losses  from  the  liquid  layers. 
Theoretical  calculattojxe  v'-i.w  that  these  radletl  losses  will  be 
r,e(pligible;  hovever,  experimental  verification  of  this  theoretical 
C'O.iclueion  wi  ll  be  obtained  through  the  use  of  the  additional  thenso- 
couple«i. 

Deternl ration  of  the  thermal  conductivity  of  the  four  .egg  alurry 
sample*  designated  Vf.E.S.  #1,  #2,  #3,  and  shouU  be  eos^lttsd  In 
t.bt  very  near  future. 
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6.2 


HfceoipglCQl  Sehavlor  of  Sa  Slurrlaa 

Agents  available  as  finely  cUvlded  powders  conceivably  can  be  diaeeal- 
nated  from  a  store  of  the  dry  naterltil  or  frco  thlcH  slurries  of  the  powder 
in  a  ct>!Rr>Qtible  carrier  liquid.  The  fenalbfltty  of  either  cyatea  depends  on 
faer.ora  :3Uoli  a*  number  of  viable  orgunlams  per  unit  volume  in  the  store, 
maintenance  of  viability,  onargy  required  to  transport  material  in  the  store 
to  exit  port,  flow  rater,  obtainable  through  exit  port,  and  extent  to  which 
’.‘•.c-  ‘icert  '.'reak:  into  the  finely  divided  state  after  diaseminatlon. 

To  ictemlr.e  the  feasibility  of  using  suspensions  of  dry  agents  in  a 
r'yid,  !ui  irjvcttTfjTit  Ion  tins  been  mode  of  t)ie  rheolocicol  properties  of  a 
imui.''.nt  'Jijcnt  ir.  a  computlUie  liquid.  Klow  characterlotlce  have  been 
notc.ti'ir.e;;  vr.  futictlon  of  .-jollds  concentration,  temperature,  and  sliear 
rite,  nheolocloe,  equations  deveJoiied  from  this  data  will  enable  prediction 
of  flow  .'-.to.-,  'hrj'ii'!'.  pipes  and  orifit  for  given  driving  prouDures. 

lo  date,  the  flow  cliaiticterlstlco  ao  o  function  of  solids  co:icentration 
betti  (Ictc.'nino J  for  r.iurrle.':  of  Sm  in  FC-75,  ®  fluorochemlcal  liquid 

!  h,/  Mi nr.ec-ntn  Mtni.ng  and  Manufacturing  Co.  Data  have  been  obtained 
ir,  the  tempera*. ui-e  ranee  from  20  to  -20*C  and  at  shear  rotes  of  3  to  350  see"^. 

6 . ? .  I  App'jtutu.-.  and  VT’tperlreentul  Technique 

Til*.  a;)pa!"!jtac  used  in  dotemlning  Um  rheolo^cal  properties  of  So 
tunic-  It  I’.e  rot.'vting  cc-oxiai  cylinder  viscometer  shows  in  Figure  6.2.1. 

'he  'ippur'Jtus  conaif.tc  of  a  rototing  Inner  solid  cylinder  called  the  bob  and 
c car;,'  outer  t).’.inciei  culled  the  cup.  The  bob  is  driven  by  nseans  of 
Q  dead  wolgln  operating  throuei»  a  pulley,  drum  and  gear  train.  The  sluriy 
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is  in  th«  safeU  aamilar  space  batwNa  tlie  cup  and  'bob  vbere  It  is 

sheared  under  s  eonstaat  torque  applied  to  the  bob.  Beoause  thick  slurries 
can  exhibit  the  property  of  thixotropy  (reversible  0sl-sol-gel  transfOmst^oa) " 
it  is  desirable  to  osasure  bob  revolutions  (proportional  to  ^ar  rate)  on  a- 
tins  base,  lb  accoaplish  thls>  a  reflective  coating  has  been  placed  on  the 
set  screv  ^diich  holds  the  bob  In  position  on  the  drive  shaft.  Ihe  reflaetor, 
rotating  vlth  the  sans  angular  velocity  as  the  bobf  reflects  light  fron  a 
pencil  source  to  a  photo-electric  cell.  !Ibe  electrical  pulse,  generated 
once  each  revolution,  la  osplifled  and  recorded  on  a  tlsK  base  using  e  Brush 
anpllfler-recorder  system.  In  this  nanner,  It  IS  poaaibla  to  determine  change 
in  viscosity  with  tins  of  shearing. 

The  vlsconster  cup  is  submerged  in  a  small  tengwratuxe  regulated  bath. 
Control  of  temperature  la  accomplished  In  a  larger  temperature  beth  equipped 
with  a  sealed  platinum  wire  to  a  oerc\iry-type  thermsregulator  tdilch  controla 
the  operation  of  a  submersible  heating  element.  Uquld  from  the  large 
constant  tenqierature  bath  is  circulated  through  the  small  viscometer  bath  by 
smans  of  two  small  centrifugal  pumps  to  melntaln  the  desired  teiqperatiue  in 
the  Snail  hath  within  >  0.02*C. 

Investigations  to  date  have  covered  a  teapersture  range  of  20  to  -20*0. 
Temperature  below  ambient  are  achieved  by  circulating  alcohol  from  a  dry  Ice- 
alcoAol  both  throu^  copper  coils  In  the  large  teapersture  bath.  All  coiQonents 
of  the  system  are  well  Insulated  to  prevent  excessive  heat  loss.  Plov  of  the 
cooling  liquid  in  the  large  tes^erature  bath  is  regulated  to  provide  s 
temperature  slightly  lover  than  that  desired  and  the  thermoregulator  and 
heater  provide  the  final  control. 
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Tbt  tvo  ocxq^ent  parta  of  tha  slurry  ara  7C*75  ^ 

btologlcsl  agent  siaulant.  tbaaa  natarlala  ara  weighed  on  aa  aaaljrtloal 
balaaea'  to  provide  tha  desired  solid  to  liquid  weight  ratio.  !Ihe  liquld> 
solid  aixture  Is -then  blended  with  a  apeoially  designed  power  itirrer. 

Ihe  stirrer  la  equipped  vlth  a  rounds  perforated  disc.  Usiag  this 
techalque  It  baa  been  poaaible  to  aix  the  slurry  thoroughly  without 
causing  air  entralnoent.  The  weighing  and  adxlag  of  the  slurry  eospoaeats 
is  conducted  In  the  vlaeometer  cup  to  ellainate  the  need  for  traoaferrlng 
the  eeaple,  Thirty  ainutee  le  allowed  for  the  slurry  speelaen  to  reach 
tenperatiure  equlllbrlua  with  the  viscoewter  bath  before  teating  le  begun. 

Sa  weight  concentrations  which  have  been  Investigated  to  date  oovar  a 
range  froa  16.7  to  25  percent. 

6.3.2  Eatperlaental  Reeulta 

the  aeshanicel  response  of  the  slurry  to  a  shssrlog  stress  is  aost 
easily  depicted  by  means  of  a  consistency  curve  which  le  a  plot  of  rate 
of  shear  (d)  as  a  function  of  shearing  stress  (T)<  results  of  the 
present  investigation  are  presented  in  this  ton  In  figure  6.2.2.  It  la 
apparent  froa  the  shape  of  the  consistency  curves  that  the  response  of 
these  3b  sliurries  to  a  shearing  stress  la  coaplex. 

Not  apparent  froa  figure  6.2.2  le  the  fact  that  Sa'ln  fC>7;  la  a  gal 
systes  exhibiting  a  yield  point.  In  other  vorde>  the  conalstenoy  curvea 
Intereeat  the  shear  stress  axle  at  a  finite,  positive  value.  Ihe  yield 
points  for  the  various  concentrations  and  tonperatures  have  not  been 
plotted  in  figure  6.2.2  beeause  of  the  extremely  variable  results  which 
have  been  obtained  thus  far.  In  a  typical  expariswat  it  was  found  that 
the  would  not  begin  rotating  until  sufficient  torque  vaa  plaoed  on  it. 
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Wban  tit*  critical  tor^u*  vm  «xc**d*d|  rotation  vould  begin  tlovlyi  tbsn 
ceaae.  Additional  torque  vaa  required  to  Initiate  rotation  again,  but 
aoveaeat  vould  *000  atop.  By  gr^ually  increaaing  the  torque  applied,  a 
value  finally  vaa  reached  vhieh  produced  a  elcw  but  eonataat  rate  of 
rotation.  Ute  eorreaponding  ehearing  atresa  and  rat*  of  ahear  for  thla 
condition  are  the  initial  point*  of  the  conalatency  curve*  in  Figure  6.2>2> 
Future  vork  vUl  be  directed  at  providing  a  reallatia  value  for  the  yield 
atreaa  of  the  sltorriea. 

nie  yield  value  obaerved  in  oany  slurry  aysteas  Is  beliaved  to  be  a 

meastire  of  the  force  of  flocculation  per  unit  area  vhlob  exists  betveen 
6  d  1 

suspended  particles  .  When  the  yelld  value  ie  exceeded,  the  floeoulated 
particlee  begin  to  separate.  Upon  lacreaeing  the  rate  of  shear,  the  advent 
vhlch  had  been  trapped  vlttain  the  voids  of  the  flocculated  material  is 
released  *nd  the  resistance  to  flov  decreases.  Ihis  pbenooenon  gives  rise 
to  a  consistency  curve  vhlch  is  convex  tovard  the  shear  stress  axis 
(Figure  6.2.2).  This  type  of  flov  behavior  cannot  be  represented  by  a  single 
viscosity  parameter  se  is  the  case  vlth  Nevtonian  matertale  for  vhlch  a  plot 
of  shearing  strees  versus  rate  of  shear  yields  a  straight  line  passing  through 
the  origin.  For  hevtonian  materiala,  the  viscosity  is  single  valued,  i.e., 

r 

-  ■a  constant 

vhers;  coefficient  of  viscosity 
T  «  sheer  strees 
i  m  rate  of  shear. 


6.2.1  Blrich,  F.  B.,  Bheology,  3/  Academic  Frees,  New  fork,  p.  I9S  (i960). 
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Hm  eonaiateoey  ourva  obtained  vlth  S«  alurrltt  haa  bean  taned  "tuaai- 
6  d  d 

plMtle"  and  repraaenta  ana  of  aeveral  different  typaa  of  "noo> 

Kewtonlaa'*  flow  behavior. 

The  ten  apparent  vlacoalty,  7^  *  la  frequantly  uaad  In  the  Lnveatl- 
gatlon  of  noa>lfevtonlan  oatariala.  Apparent  ylaeoalty  la  defined  sa  the 
ratio  of  abearlng  atreaa  to  rata  of  shear: 

(6.9) 

It  is  apparent  from  the  shape  of  the  curves  presented  In  rigura  6.2.2  that 
decreases  vlth  Incraaialng  rate  of  shear.  Therefore,  the  apparent  vlaosity 
haa  little  significance  unless  it  is  spsclflad  for  a  definite  condition  of 
shearing  stress  and  shear  rate. 

A  qualitative  statement  cab  be  made  in  terms  of  apparent  viscosity  about 
the  consistency  curves  presented  in  Figure  6.2.2.  The  apparent  vlaooaity  at 
a  given  rate  of  shear  Increases  vlth  decreasing  temperature  and  vlth  Increasing 
Sot  concentration.  Calculated  apparent  vlacositiea  at  a  rate  of  shear  of  200 
9Bc*^  are  presented  In  Table  C.l. 

TA3LE  6.1 

Effect  of  Temperature  and  Solids  Concentration 
on  tha  Appsuvmt  Vlacoalty  of  Qm  Slurries 

(Shear  Rate  >'  200  sec'^) 


Solids  Cone.  Apparent  Viscosity  (77) 

by  velght  of  Sa)  (polae) 


20*  C 

O'*  c 

-  20*  C 

f 

t 

16.7 

1.0 

1.4 

1.6 

20.0 

2.1 

2.6 

3.2 

1 

I 

22.2 

. 

25.0 

6.5 

0.4 

9.0 

>■2.2  Houvlnk,  B.,  Blasticlty,  Plasticity  ana  Structure  of  Matter,  Barren  Press, 
Waahington  D.  C.,  p.  10  (I953). 
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62^  * 

Many  foraulae  eaa  be  found  in  the  literature  *  to  desoribe  the  type 


of  curvee  obtained  vlth  Sa  elurriee.  The  Herscbel  and  Bulhley  foniula 


6.2.4 


(6.10) 


vhere;  f  ■  yield  atreae 


7^*  and  n  ■  uonatants  for  a  given  curve. 

7^  la  not  the  aeoe  aa  the  apparent  viacoslty  7^  since  n  /  1.  The  dliaenelona 
of  7^*  are  different  froa  thoae  ot  to  that  the  value  of  J^*  cannot  be 
expressed  in  poises. 

One  of  the  objectives  of  the  rheological  Investigation  of  Sla  slurries 
la  to  obtain  such  formula  desorlblng  the  ehear  atreaa-rate  of  shear  relation> 
shlpa  aa  a  function  of  tes^rature  and  solids  concentration.  With  these 
formulae  it  vill  be  possible  to  calculate  flov  rates  through  pipes  and 
orifl  as  a  function  of  driving  pressure. 

A  second  objective  of  this  study  Is  to  provide  rheological  data  for 


use  in  theoretical  and  experimental  studies  on  the  aerodynamic  breal^p  of 

these  slurries.  Equations  have  been  developed  and  experimentally  verified^'®' 

6.2.7 

for  predicting  the  drop  else  and  size  distribution  resulting  from  dlsssm* 
inatlon  of  Newtonian  fluids.  However,  with  no(n< Newtonian  materials  the  property 
of  vlecoelaotlclty  will  retard  the  breakup  of  fluid  drops.  Thus,  new  theories 
will  have  to  be  developed  and  experimentally  verified  for  these  materials. 


6.2.3  Reiner,  J.,  J.  Rheology  1;  11  (1929). 

6.2.4  Herschel,  V.  and  BuDtley,  H,,  Roll  Z  29I  (I926). 

6.2.5  Turner,  0.  M,  and  Moulton,  R.  W.,  Chem.  Eng.  Prog.,  42'  1^5  (1953). 

6.2.6  Nukiyama,  3.  and  Tsnasawa,  Y.,  Trans.  Soo.  Meoh.  Sngrs.  (Japam)  4;  nos. 

1**.  15  J  5.-  “O'  6:  nos.  22,  23  (1938-40). 

6.2.7  Bitren,  M.  0.,  lad.  &  Eng.  Chem.  4^:  23  (1955). 
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Another  objective  of  the  rheologieaJL  Inveetlgation  is  to  interpret  the 
consistency  curves  in  terns  of  particle  shape,  partlcIe>partiole  interactions, 
and  particle-liquid  interactions.  A  knovledge  of  the  basic  factors  idiieh 
determine  the  shear  stress- rate  of  shear  response  is  necessary  in  order  to 
alter  the  coeiponents  of  the'  slurry  system  or  to  incorporate  additives  vhicb 
will  create  more  desirable' flow  characteristics. 

Efforts  to .date  have  been  concentrated  on  obtaining  the  consistency 
curves  shown  In  Figure  6.2.2  and  in  atteuipting  to  represent  these  curves 
by  s  generalized  formula.  Itie  latter  voiic  is  not  yet  eoiqplete.  The 
preliminary  analysis  which  has  been  done  will  be  presented  at  thie  time. 

The  Herschel  and  Bulhley  formula.  Equation  (6.10),  has  been  applied  to 
the  So  slurry  conaictency  curves  with  soow  degree  of  luceeae.  Equation  (6.10) 


can  be  rewritten  as  follows: 

log  A  -  n  log  (  T-  f)  -  log  (6.11) 

It  follows  that  a  log- log  plot  of  A  versus  (7"-  F)  viH  yield  a  straight 
line  of  slope  n  and  intercept  •  lug  7^*.  Several  such  plots  of  data  from 
Figure  6.2.2  are  presented  in  Figure  6.2.3.  Equation  (6.11)  appears  to 
represent  adequately  the  consistency  curves  for  shear  rates  in  excess  of 
10  sec  ^  for  all  but  the  thiokeet  slurry  {23$  3m  by  weight).  Ihe  theoreti¬ 
cally  determined  yield  stresses  used  in  obtaining  the  straight  lines  of 
Figure  6.2.3,  however,  ax*e  larger  than  the  experimentally  observed  yield 
stresses  by  a  factor  of  at  least  two  In  every  case,  'nierefore,  the 
theoretical  ourvea  will  diverge  from  the  experimental  curvte  at  a  point 
in  the  vicinity  of  10  sec  ^  shear  rate  sod  will  approach  tlie  shesur  strsas 
axis  more  rapidly.  As  was  disouesed  previously,  future  expertaentsa  work 
will  be  directed  at  obtaining  higher  concentrations  of  Sa  In  rC-75. 
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upon  obtaining  tbit  vlata, ,  further  attenpti  vlll  be  norte  to  represent  the 
ooneisteaoy  curves  in  natheoattcol  form.  Determination  of  the.  constants 
n  and  7^  Bquation  (6.11)  from  the  curvee  shown  la  Figure  6.2.3  has  not 
been  completed  at  thla  time. 

A  seccmd  approach  toward  representing  the  Sm  slurry  conslateney 
curves  has  been  investigated.  Again,  this  approeush  is  limited  to  data 
obtained  at  shear  rates  in  excess  of  10  800**^.  Xhie  approach  is  based  on 
the  concept  of  apparent  viscosity  7^.  When  the  apparent  viscosities  are 
calculated  for  varioua  points  on  a  single  consistency  curve  and  thase 
values  of  ^  sre  plotted  against  the  corresponding  rates  of  shear,  curves 
of  the  type  shown  in  Figure  6.2.b  are  obtained.  From  a  preliminary  analysis 
of  these  curves,  it  appears  that  an  equation  of  the  form: 

_1 

7|-  k  *  "  (6.12) 

where;  k  and  n  are  constants, 

represents  the  data  adequately  at  aOl  temperatures  and  Sm  concentrations. 
Furthermore,  it  appears  that  n  does  not  vsury  with  solids  concentration  or 
temperature  as  evidenced  by  the  equal  slope  of  the  llnee  plotted  in  Figure 
6.2.^.  An  analysis  of  the  dependence  of  k  on  Sm  eoncentratlon  and  tempera¬ 
ture  has  not  been  completed  at  thin  time.  This  approach  appears  to  offer 
considerable  promise  for  attaining  a  generalized  formula  representing  flow 
behavior  at  shear  rates  in  excess  of  10  sec  but  does  not  take  into 
account  the  exlstetKe  of  a  yield  point.  Further  analysis  will  be  needed 
before  adequate  mathematical  representation  of  the  rheological  behavior 
of  these  slurries  at  very  low  shear  rates  is  achieved. 
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imi  l&vtetlgfttloa  of  tht  flov  beMvior  of  Sot  alurrios  haa  ba«a 

BinpUfled  by  the  fact  that  no  evldanee  of  thixotropy  baa  boen  encountered 

la  obtaining  the  eonsifttenoy  ourvea.  Meaaurenenta  are  perfomed  by 

obtaining  shear  rates  at  increasing  and  then  decreasing  shear  streasaa. 

The  up  and  down  cui'vea  agree  very  well.  In  addition^  the  l6.7?l  ^ 

2 

alurry  was  sheared  continuously  xindor  a  200  dyne/cm  shear  stress  for 
3000  revolutions  of  the  bob  with  no  appreciable  change  in  apparent 
viscosity.  Thicker  elurrles  will  be  tested  in  the  same  manner  to 
verify  the  present  opinion  that  thixotropic  behavior  is  absent  in  this 
slurry  system, 

In  addition  to  the  future  work  which  has  bean  mentioned  in  this 
dlscussioni  it  Is  planned  to  extend  this  rheological  Investigation  to 
higher  shear  rates,  A  rate  of  350  sec’^  is  about  the  upper  limit  for 
the  coaxlal-cylindcr  rotntionni  vlsoixneter  being  used.  At  higher  ratco 
turbulence  and  centrifuncL  effects  distort  the  results  obtained.  In 
order  to  examine  flow  behavior  at  higher  rates  of  shear,  capilloi’y 
vlncometry  will  be  employed  using  compressed  nitrogen  as  the  driving 
force. 
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7>  DISSSMIMTION  AM)  QBAGGLa-iSRATION  STUDIES 


During  tJila  reporting  periodj  v;e  have  continued  work  with  the  high* 
auhaonlc  wind  tunnel  in  connection  wltJi  our  study  of  the  use  of  slipstream 
enargy  for  deacclorne ration  of  finely  divided  eolid  materials.  Tliis  work  Iws 
Included  experiments  to  evaluate  the  high  velocity  sampling  .system  and  also 
inodificatiuiia  of  Lite  uppurutus  to  ^jermit  dissemination  exfjeriinenls  with  B.. 
simulant,  as  discussed  in  ccctlons  7<1  and  Y.2  bolcn/ . 

7.1  Experiments  With  the  Isokinetic  Sampling  Probe 

Experiments  to  detomlne  the  particle  campling  c’iaractorlctics  cl*  the 

high  velocity  sampling  probe  have  been  maac,  utilizing  the  wind  lunnei  and 

7  1 

piston-type  disseminator  diacucsod  Ir.  cur  previous  technical  report. 

In  these  studies,  two  types  of  talc.-  Mlstron  lO  and  JfJ  -  '^ere  injt’ctei 
into  the  wind  tunnel  where  the  air  velcclty  was  maintained  at  Mach  numljer  0.';0 
The  resulting  aerosol  was  then  sampled  at  a  distance  of  67  cm  downstreun  of 
the  injector  (10  cm  upstream  of  the  end  of  the  wind  tunnel)  with  the  probe. 
Since  the  aerosol  concentrution  varies  from  top  to  bottom  In  the  tunnel,  par¬ 
ticle  size  data  were  gbtalmid  at  two  verticol  locations,  0.  cm  ond  l.S  cm 
from  the  top  tunnel  wall.  A  calibrated  vacuum  pump  located  downstream  of  the 
sampling  probe  was  recjulated  so  that  the  appropriate  flow  nCe  for  isokinetic 
flow  at  the  prrjbe  inlet  was  obtained.  Off-design  conditions,  flew  rate 
and  angle  of  attack,  were  also  Investigated. 


I 

f 

f 

I 


7.1  General  Mlllo  Report  No.  2161,  Second  Quarterly  Progress  Report  on  Dis 
semination  of  Solid  and  Liquid  iN  Agents  (Unclassified  Title)  Feb.  13, 
1961,  p.  35  (Confidential). 
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Th*  saopl^i  w«r«  ooUacted  on  76  ta,  typ«  AA,  MJlllpor*  fitter#  which 
have  oa  0.8  nicroa  pore  size.  In  order  to  alniaize  the  effect  of  particles 
settling  In 'the  sampling  ayetenii  the  filter  waa  located  at  the  proto  exit. 

In  the  particle  size  analysis,  the  filters  were  dissolved  in  acetone 
and  the  resulting  solution  was  extracted  from  the  sample  after  a  preparatory 
centrifuge  step.  The  size  dlstrihution  was  then  deteralned  by  using  the  well 
known  Whitby  Centrifuge  technique. 

The  advantage  of  using  talc  in  these  studies  Is  that  It  does  not  form 
strong  aggloae rants.  This  is  important,  since  the  degree  of  agglomeration 
may  be  affected  by  both  the  disseninatlon  and  size  analysis  processes.  Micro* 
scopic  observations  of  the  talc  Indicated  that  the  particles  consisted  of 
platelets  and  aclcular  both  before  and  after  dissemination. 

Control  dato  -.(n  the  particle  size  distribution  of  the  two  types  of  talc 
were  also  obtained  by  the  Whitby  Centrifuge  technique.  Two  analyses  were  made 
for  each  type  which  showed  good  reproducibility.  They  were  averaged  together 
for  comparison  with  samples  taken  in  the  wind  tunnel. 

Figure  7.1.1  shows  tlie  particle  size  frequency  distribution  by  mnsa  of 
talc,  Mlotron  lO,  before  and  after  dlsseral nation  at  the  Isokinetic  flow  rate. 

The  data  are  presented  as  percent  in  the  size  range  shown  on  the  abscissa  and 
are  plotted  at  the  midpoint  of  the  range.  The  data  show  the  bl-modal  dis¬ 
tribution  res'Aitlng  from  the  two  particle  shapes  observed  under  the  mlcro- 

i 

scope.  I 

i 

Statistical  data  on  the  particles  in  each  sample,  the  mass  median  dia-  j 

meter  (JWD),  geanetrlc  standard  deviation  (OSD),  and  percent  by  mass  smaller 
than  5  microns  are  also  given  in  the  figure. 
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It  is  felt  that  the  data  indlcati  that  aaapllng  teohnKlua  employifd 
la  thl3  work  is  satisfactory.  Tha  small  scatter  la- DellevaA  to  he  largaly 
dua  to  random  error  in  the  sampling  and  size  analysis  procassas. 

.A  shift  in  particle  size  distribution  due' to  systematic  errors  result¬ 
ing  frem  ncn-lsoklnetlo  flow  conditions  lo  shown  in  Figure  7.1*2*  The  flow 
rate  in  both  cases  was  50  percent  of  the  proper  flow  rate,  while  the  angle  of 
attack  in  each  cnoe  was  and  5  degrees.  At  zero  degtees  angle  of  attack, 

the  aiunple  was  biased toward  the  larger  particles,  indicating  that  the  oraaller 
ones  followed  the  diverging  ctreamlinea  /noie  readily  than  the  large  ones  at 
the  probe  inlet.  At  5  degrees  angle  of  attack  there  is  bias  towards  «sall 
iw^rtioles,  a  very  interesting  result.  It  is  felt  that  the  Interaction  1  ctueen 
the  flow  atreamilnas  and  imrtlcle  i>atho  ot  tlie  probe  inlet  are  quite  compH- 
c.ateU  \inder  thin  'onditlon  and  we  will  not  attempt  to  explain  It  In  this  dls- 
oassion,  since  It  will  not  he  pcrtUient  in  future  tests  (l.c..  the  yroU  will 
mounted  at  zero  angle  of  attack  In  bU  dissemination  studies). 

Fi6Uica7.1.3  and  7.1.4  show  the  particle  size  frequency  dUtributlon 
ror  tnlc,  Mistron  25.  lu  thia  case  there  is  very  close  agreemenl  between  the 
.  isokinetic  samples  and  the  control.  Tl.e  relatively  better  correlation  ob¬ 
tained  with  thin  matorlal  la  felt  to  be  due  to  the  smaller  particle  size  nmge. 
The  ofl  -design  dota  show  ag^in  tha  tendency  for  bias  towards  largpr  particles 
when  50  percent  of  the  isokinetic  flow  is  drawn  through  the  sample,  at 

zero  angle  or'  attack. 

It  should  be  noted  that  the  Mistron  iQ  datawa-e  obtained  with  the  probe 
at  1.90  CO  from  the  tunnel  top  wall,  while  thot  of  Mistron  25  w.ns.  rAhalned  at 
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FIUUBE  7-1.2  PARTICI£  SIZE  FREQUEHOf  DISTOIBUTIOH  F(»  MISXRON  #l8  fEILU: 

iBFOHB  DISSaOlimOM  AHD  AFTER  SAMPUBQ  AT  HOK-ISCKIWTrC 
FLCU)  CCffiDinOiiS.  TUHREL  MACH  BOIEER  0-5 


0.64  ca.  In  atudylng  t-h*  IsoKlmtic  saoplaa  in  each  case,  It  seem*  that  tha 
particle  size  distribution  is  quite  unifom  at  both  these  levels  in  the  tun¬ 
nel  . 

Additional  experiments*  similar  to  those  diseueeed  here*  will  be  con¬ 
ducted  with  talc  at  tunnel  Mach  nunbera  0.5  ard  0.8.  ^?he  results  should  make 
posfiible  a  statistical  analysis  of  the  random  errors  associated  vlth  hi^ 
velocity  sampling  and  thereby  establish  the  accuracy  of  the  sampling  probe 
for  llssen.lnaticn  studies. 

-r.g  Modification  of  tha  Wind  Tunnel  Anparatua  to  Ternit  Dlaaemination  Ex¬ 
periments  vlth  c-'*  Simulant 

During  this  reporting  period  we  have  designed  apparatus  modificatlone 
to  permit  ttie  dissemination  cf  Su  simulant  in  the  hlgh-subaonio  wind  tunnel. 
■lh»  principal  change  includes  a  closed  filter  chamber,  approximately  one  cubic 
metar  in  size,  which  receives  the  discharge  from  the  wind  tunnel.  The  chamber 
is  of  welded  aluminum  construction,  and  is  designed  for  a  pressure  differen¬ 
tial  of  approximately  0.15  Atmosphere,  so  that  high  efficiency  filtering  of 
the  discharge  air  'an  be  accomplished.  The  filter  opening  has  an  area  of  ap- 
LcAtely  l/'J  raeter^.  Two  layers  of  I.P.C.  filter  paper  will  be  used  at 
this  point  in  the  syslera.  The  filter  chamber  includes  a  sealed  door  for  ac- 
'ces  t.  the  i£c,Hlrieric  jar.pl Ing  probe  sjid  related  equipment.  This  cLsmber 
will  provide  protection  against  discharging  3i  aerosols  Intodie  occupied 
fifcoi  jf  cur  laboiatorles . 

Anctler  appacat.js  modification  Is  the  addition  Of  Instrumentation  to 
'crero  ii. pliCPiKfci.t  verrus  tlue  for  the  pistwn-lype  powder  disseminator 
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OB  the  wlod  tuzmal.  Sines  this  procasa  takas  place  in  stout  l/lOO  of  a  second, 
a  hi^  speed  system  Is  required.  A  Minneapolis  Honeywell  Vlaleorder  is  em¬ 
ployed  which  records  the  signal  from  a  slide-wire  resistor  which  is  directly 
connected  to  the  feeding  piston. 

Tlie  record  is  obtained  on  a  light  sensitive  paper  which  receives  a 
ilght  beam  frcoi  a  galvanometer  in  the  recorder.  Knowledge  o/  the  piston  dls- 
plucement  ''eraui  time  and  the  hulk  density  of  the  sample  of  powder  peraita 
calculation  of  the  instantaneous  feeding  r.t'.e 

During  the  next  reporting  period,  several  experlnents  on  the  dissemi¬ 
nation  of  Zci  simulant  are  planned,  including  Investigation  of  the  effects  of 
powder  mass  flow  rate,  bulk  density,  mcisture  content,  and  cUr  velocity. 


-  3k  - 


Page  determined  to  be  Unclassified 
Reviewed  Chief,  ROD.  WHS 
lAW  EO  13526,  Section  3.5 


JUL  19  20» 


% 

%. 


u 


S.. 


i 


y 

li- 


I 

3 


i 

P 

a 

r 


8.  3TUW  or  '£HS  iMnjuracK  0?  gracrrivB  ruum  dkoity:  oh  thb  abrcjotwiic 
DRAO  or  SOLID  A{9B]fr  EXTBlUiU.  STORin 

A  analysi«  has  been  aada  to  explore  the  iaportsaee  of  the  effec¬ 

tive  ftlUng  denelty,  Pf ,  on  the  eerodyneale  dreg  of  eolld  agent  exter¬ 
nal  atoree.  The  tern  le  arbitrarily  defined  a*  the  product  of  the 
mean  bulk  denelty  of  the  finely  divided  eolld  agent  and  the  fraction  of 
the  total  volume  encloeed  by  the  akin  of  the  aircraft  atore  vhleh  la 
occupied  by  the  agent. 

The  aerodynaaic  study  presented  In  our  Seeunl  ^arterly  Progress 
Report®’^  was  used  as  a  banla  for  thla  analysis.  Calculations  were  based 
on  data  given  In  Figure  5<1*2  of  Reference  ti. 1,  on  the  drag  of  a  2MCA- 
65A  Serlea  store  of  fineneoe  ratio  8.0. •  Figure  0.1  eumsarlzes  reauita 
for  sea  level  flight  at  0.7  Msch  nuaber,  for  liluatrative  cases  In  which 
the  agent  payloads  ai-e  100,  200,  300  and  too  pounds. 

The  influence  of  the  effective  filling  density,  Pf,  was  found  to 
be  quite  pronounced.  Figure  8.1  shows  the  rapid  Increase  In  drag  penalty 
when  Pj.  decreases  to  values  In  the  range  of  0.2  to  O.OJ  gn/ca^.  As  an 
example,  400  pounds  of  a  finely  divided  solid  sgent  In  a  low  density  state 
(assume  a  bulk  density  of  0,2)  contoined  in  a  store  In  which  It  occupies 
50  percent  of  the  total  volume  (  P^,  ■  O.l)  would  result  In  a  drag  of 
approximately  600  pounds.  The  saue  of  agent  carried  In  a  cosipacted 
form  (for  example,  a  bulk  density  of  0.5)  In  a  store  in  which  '{0%  of  the 

8.1  Ganerel  Mills,  Inc.  Report  fto.  2161,  Second  (Juarterly  Progreee 

Report  on  Dlaaeminatlon  of  Solid  and  Liquid  Agents.  (Ihiclasal- 
fled  Title)  February  13,  1961,  pp.  69-80  (Confidential) 


s 
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voluw  im  f Iliad  (  >  0.35)^  vould  remit  is  a  drag  force  at 

■ately  SM)  pousdSy  or  kOft  at  the  flrat  ceae>  Tba  iUuetretioB  potste  out 
that  there  ia  a  auhateatlal  isaesttve  to  avoid  store  leeigsa  vhloh  result 
In  very  low  valuea  of  On  the  other  haol^  tbs  tecbaleal  prohleae 

incurred  in  reeehltig  very  high  values  of  Pf  (above  0.4)  nay  outweigh  the 
sdvantagea. 

The  results  of  the  analyses  will  be  considered  in  future  vork  os 
dlssealnetlng  store  concept  selection  and  experlaentation  on  feeding 
techni(iues. 
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9.  SYSTSK  STUDY 


A  Bystein*  study  oo  ths  dlssmiiMtloa  of  solid  Bll  agtnts  has  hsan 
initiated  by  ths  Systaos  Analysis  Qrot^  at  Oensral  Mills«  laoi 

The  initial  work  has  included  a  rsvlow  of  the  recent  literature  on 
oathenatical  models  for  diffusion  of  the  aerosol  clouds^  discussions  with 
oeabers  of  the  Pt  Detrick  technical  staff  and  a  study  to  ootabUah  an 
approach  for  the  first  detailed  calculations. 

To  surrlve  at  an  evaluation  of  the  effectiveness  of  a  BV  nlssionf  a 
large  nunber  of  factors  oust  bo  taken  Into  aecount>  including  delivery 
vehlole  capabilltlesi  vehicle  attrition,  agent  dosage  requlreoents,  dls- 
senlnator  storage  capacity  and  flow  rate,  flight  speed  and  height  of 
release,  dissemination  efficiency,  aerosol  diffusion  and  aeteorologlcal 
influences,  aerosol  physical  and  biological  decay,  lung  retention,  and 
other  factors  associated  with  the  end  effect  such  as  incubation  period, 
duration  of  Incapicltaiion  arid  mortality  i-ste. 

The  work  in  the  near  future  will  be  restricted  DWinly  to  investiga* 
tioo  of  target  area  coverage  as  Influenced  by  the  agent  dosage  require¬ 
ments,  agent  capacity,  flow  rate,  flight  spe^,  height  of  release,  dis¬ 
semination  efflolenoy,  aerosol  diffusion  and  decay. 

The  above  effects  will  be  investigated  through  an  appropriate 
diffusion  model.  Various  models*  have  been  developed  for  atmospheric 


*3ee  for  exainple:  9-1  Meteorology  and  Atomic  Siergy^  ABCU  3066,  0.  3.  Qov't. 
Printing  Office,  pp.  3S-50i  (A955). 

9.2  Barad,  M.  L.,  at  al.,  A  Diffusion-Deposition  Model  for  In-Flight  Release 
of  Fission  Fragments,  AFCRC-OT-60-400  (June  i960). 

9  3  Jones,  S.  P.  and  8.  C.  Stsni.  The  Dissemination  of  Antlwsonnal  Agents 
by  Means  of  an  Blevated  Une  Source,  OMI  Report,  (Aug.  1957)  (Secret). 
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dlffuaion  of  p«rtt'.cul*te  mattar  *ad  la  ganarAl  that*  agrw  within  •  faetca' 
of  two.  Since  tk »  mriatloa  of  gmwd  level  doMge  verlee  over  neny 
of  aegnltiaJe,  thJi  sea  he  ooneldcred  good  egreenaiit.  IHie  nodel  used  la 
this  inveetlgetla  -  vlU  Tie  that  developed  by  K.  Gaidar,  which  was  recently 
dieeuaeed  with  Mr.  Telljc  Craw  at  Fort  DetricJt.  The  reflnementa  to  be 
aAd«  are: 

1)  It  Ktlll  be  aesuoMd  that  infection  is  proportional  to  the 
number  of  pArtialuaB|vith  at  leaat  one  viable  agent)  that  the  lung  retains 
rather  than  the  tgtfttl  ntunber  of  viable  agents; 

2)  It  vi&U  be  aasuncd  that  the  decay  rata  ie  proportional  to 
the  surface  area  aST  the  parti  ele; 

3)  The  ddeeay  rate  will  be  eeaumed  to  decrease  with  Increeeing 

time. 

These  refinee:?nt#  seem  reasonable  after  a  discucslon  with  Mr.  Bour- 
land  of  Ft.  Detrld  i  concerning  recent  experimental  reeulta.  The  diffu¬ 
sion  model  with  t!i«  m  raodlflcatione  is  being  progrtoaned  on  a  digital 
computer.  The  real  Its  of  this  computation  will  be  plots  of  probability 
of  Infection  an  a  fuuaction  of  downwind  distance  for  various  weather  con¬ 
ditions  and  particlM  sizes. 
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10.  v(m  cfi  UQDZB  Acm  srsaBczittiFXBo  amsat 

At  tb«  tlm  Ruim  II  of  this  projeot  w«f  naeotifttvd,  QwiMzml  mUf, 
iBc.  VM  i'eqj»et»4  to  coiuidor  tho  potoatlal  oxtoxnal  utort'^urrylat  capotol- 
lltles  of  th«  AN/USD<5  Drotui,  before  aelectlng  the  flnel  coaflffumtlon  of 
the  research  prototype  llq^ld  agent  dtasemlaatlng  store  to  bo  designed  and 
manufactured  under  this  contract,  for  this  reason  the  design  phase  vas  not 
Initlutad  at  the  beginning  of  Phase  II.  An  alternate  approeoh  vas  selected, 
which  Included  subcontracted  studies  to  be  conducted  by  North  Aaerlean 
Aviation,  Inc,  and  Fairchild  Aircraft  and  Missiles  Division.  These  studies 
were  scheduled  to  precede  the  detailed  design  of  the  research  store  and  were 
planned  so  as  to  provide  data  ncceasai^  to  detemine  the  feeeibiUty  of  de> 
signing  a  store  wnich  was  near>optlsnttt  for  use  on  several  manned  aircraft 
and  also  the  an/USD-9  Drone. 

The  two  studies  mentioned  above  were  considered  oecessaxy  since  the 
AN/USD-3  does  not  currently  have  provisione  for  external  storaa.  Modifica¬ 
tion  of  The  wing  design  vas  considered  necessary  to  provide  this  capability. 

The  work  statesients  for  theie  two  atudies  follow; 

10. 1  Vfork  Stateneat  -  Study  at  North  American  Aviation,  Inc. 

Ccisplete  the  design  reqpirenente  for  a  prototype  external  store 
liquid  agent  dlsseaination  system.  The  reeulte  already  obtaixwd  under  this 
contract  with  General  Mills,  Inc.  shall  be  used.  The  design  requirements 
to  be  established  shall  apply  insofar  as  possible  to  a  universal  store:  how¬ 
ever,  detailed  design  shall  consider  installation  of  the  store  on  the  AN/U8D-5 
Drone  and  also  the  P-IOOD  airplane,  which  is  anticipated  as  a  test  vehicle. 
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OBNiUMBIIklib 

xb  part  of  this  vox4C(  d«.fea  ahall  bo  subaittod  to  Qaadzal 
lac.  for  purpoiec  of  evaluating  coapatablUty  vlth  tlia  drona.  Tfiasa  data 
stall  oonslau  of  prolladaary  aarodynaalOy  wei^t  and  inertia  clbaraotarlatlca. 

(b)  cooi^llnate  with  General  Wile,  lae.,  tha  Aiay  Cheailcal  Coips, 
and  the  Drone  Manufacturer  In  ostabliehlng  a  nutually  acceptable  store  con¬ 
figuration  at  General  KillSy  Inc.  dlxaotlon. 

(c)  Preparation  of  Layout  Drawings.  •  Layout  drawings  of  the  external 
store  shall  be  prepared,  which  shall  include  external  gsenetry,  definition 

of  ooBijionerits  (such  as  turbine,  generator,  valvea,  pumps,  nossle  Mses^ly 
and  actuators),  controls  and  control  sequencing,  Jettison  provisions,  agent 
capacity,  insulation,  agitation  and  heating  and  Tiaiutenanee  prowialons. 

10.2  Work  StatesMint  •  Study  at  Fairchild  Aircraft  and  Mlssllea  Plvieion 
10.2.1  Conduct  a  study  to  provide  date  required  for  selection  of  external 
store  size,  weight  and  location  on  the  drone  wing.  Data  shall  be  prepared, 
showing  the  relationship  between  the  critical  parameters.  These  data  shall 
be  presented  as  graphs,  which  shall  Include  but  not  be  limited  to  the  follow¬ 
ing: 

(a)  Drone  Incremental  structuzel  weight  versus  tank  sad  pylon  total 
loaded  weight  at  a  minimum  of  three  spanwise  locations. 

(b )  inoremsntol  drag  of  the  installed  stores  versus  tank  capacity. 

(c)  Nautical  Miles  per  pound  of  fuel  versus  external  tank  capacity 
at  a  selected  Mach  number  with  gross  weight  as  a  parameter. 

(d)  Radius  of  action  versus  external  tank  capacity  at  a  mlniaum  of 
three  tpanviae  locations. 
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A  briaf  atability  aal  control,  analysis  shall  ba  mads  for  each  coofl- 
guratioa  studlad.  This  analysis  shall  ha  hald  to  tha  ainlma  zaqairad  to 
insxirs  feaalhlllty. 

10.2.2  An  Inwatlgatlon  of  ths  ovarall  parfomaaea  of  tha  AH/USD-^  Drona 
and  one  tank  size,  shape*  and  vaiidit  located  at  one  wing  station  shall  ha 
conducted.  The  seleetioa  of  tha  store  and  the  alng  location  for  mounting  it 
shall  be  mutually  agreed  ijtpoa  hatwsan  Oanaral  Mills,  Inc.  and  Fairchild  Air¬ 
craft  and  Miaailea  Division.  The  perfonsance  data  will  ha  prasantad  in  tha 
form  of  a  mission  profile. 

A  three-view  drawing  of  tha  AM/USD-5  ulth  the  selected  store  installa¬ 
tion  shall  he  prepared. 

*  Znod  factors  and  air  loads  on  tha  external  store  shall  he  provided 
for  the  selected  store  size,  shape,  wele^t,  and  wing  station  location. 

10.2.3  Compile  the  infonnation  outlined  below  for  the  AM/USD-5  Drone. 

(a )  An  investigation  shall  be  made  of  the  elcctrlcsd  pcwer  available 
on  the  AN/USD-5  (on  a  time  sharing  haeie)  for  furnishing  the  required  pcwer 
to  the  external  stores. 

(b )  A  drawing  of  the  AM/U8D-5  on  the  launcher  shewing  the  launcher 
clesurancas  shall  be  prepared. 

10.2.4  Famish  engine  G.'rhaust  temperature  profiles  at  the  flight  conditions 
which  apply  to  the  dlssesunatioa  run. 

During  this  reporting  period,  the  information  required  under  item  (a) 
of  the  work  eteteaent  to  florth  vuaerlcaa  Aviation,  Inc.  woe  received  by  Oeneral 
Mills,  Inc.  for  relesse  t.j  Fairchild.  It  le  entlcipeted  that  all  of  the  effort 
covered  by  both  of  the  work  statements  presented  above  will  be  cosq^ted  during 
tha  next  raportlng  period. 
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11.  SUMMMnr  ABD  concuuszoiB 


During  tiii  rnporting  ptriod,  Phns*  II  of  thin  progr»a  v*«  initlatad. 
This  includes  eontlnustioB  of  roMareh  In  sevetBl  sroBS  r«L«t«d  to 

solid  agent  dlaseBlnatlon  {such  as  dellvenr,  metering,  dlseenilnation  end 
deegglcocretlon}  and  also  Include#  completion  of  the  design  req.ulreaents 
for  a  liquid  agent  store,  design  of  a  researeh  model  and  manufacture  of 
one  unit  for  future  field  experlaients. 

Eaperlaenta  have  heen  initiated  to  evaluate  the  offset  of  exposure 
to  heeted  air  streame  on  tha  viability  of  8a  aeroaols.  preliminary  work 
indicetee  approximately  80  percent  kill  of  the  orgenlene  when  exposed  to 
80*C  for  1.8  seconds..  Future  experiment#  will  bo  conducted  with  e  more 
refined  epperatua  to  obtain  more  detailed  data  (Section  2). 

An  experimental  apparetua  for  the  meaaureaent  of  frictional  forces 
between  powder  beds  sod  channel  walls  has  been  developed.  Measurements 
have  been  made  with  finely  divided  talc.  It  has  been  poseible  to  isolate 
a  powder  characteristic  which  la  directly  proportional  to  the  coefficient 
of  friction.  Meaauremente  of  the  dynamic  angle  of  repoee  for  Sm  powder 
have  been  made  under  controlled  humidity  conditions.  Coj'reletlons  with 
the  moisture  content  have  been  obtained,  which  eliow  a  slight  dependency 
on  noioture  content  (Section  3)- 

Theoreticai  ctudles  of  load  transial asion  in  particulate  matarlels 
have  been  advanced  during  this  rsportlng  period.  As  s  result,  a  pro- 
mialng  experimental  taebniqua  for  measurement  of  sheer  atrengtb  and  cca- 
pactiblllty  characteristics  of  particulate  materlele  wee  conceived.  A 
trlexlel  shear  test  fixture  le  described  end  several  specific  eases  of 
force  transmission  have  been  analysed  (Section  4). 
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BKperlawnti  h«v«  'b««B  doad.iiot«d  to  fujrthtr  uplor*  roiults  trot  oar 
eorllar  atitdloB  of  force  traBB»iB«lo&  is  speelfie  arrays  of  aster lal. 
Photographs  of  sUp^Ucsa  la  these  srreya  iUuatratc  the  effaets  of  pack¬ 
ing  seenetry  {Sactloo  5). 

The  properties  of  slurries  of  tvo  typss  have  heen  Investigated  in 
considerable  detail  during  this  reporting  period.  Theae  types  are  (1) 
egg  slurries  snl  (2)  slurries  rasds  vltb  da  in  a  fluoroehenical  liquid. 

T)w  work  on  agg  slurries  hae  yielded  detailed  Infomation  on  specific 
heat  of  four  egg  slurry  saaplea  furnished  by  Port  Detrlck.  Apparatus  for 
evaluation  of  the  thennal  conductivity  of  egg  slurries  baa  baea  developed 
and  calibrated.  The  rheological  behavior  of  Sa  aiurrlea,  aide  with 
Minnesota  Mining  fluorocheaical  liquid  yC-75  has  beaa  studied  ia  detail, 
using  a  rotating  coaxial  cylindrical  viscometer.  Curves  of  shear  rate 
versus  shear  stress  have  been  obtaiiwd,  as  a  function  of  temperature  and 
concentration  (Section  6). 

Progresa  Iws  been  made  in  connection  with  the  studies  of  the  use  of 
slipstream  energy  for  deaggloneratlon  of  finely  divided  materials.  Tha 
characteristics  of  a  high  velocity  laoklrjottc  saapllng  probe  have  been 
studied  by  dlsceninatlng  finely  divided  tele  Ifto  the  wind  tunnel.  Stu¬ 
dies  of  the  effects  of  off -design  operation  of  the  probe  show  that  in¬ 
correct  flov  rate  and  operation  at  an  angle  of  attack  cauae  biased  sam¬ 
pling.  Proper  control  of  both  of  these  factors  la  provided  for  la  our 
system.  Modifications  to  permit  uae  of  Sm  In  the  wind  tunnel  have  been 
designed  (Section  7). 
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^  influeae*  of  tbe  effectlva  filling  dnniity  oq  tiw  »«rodjrat»ic 

^8  of  «  solid  igant  atom  bM  b«*n  analyaad.  Psonltlea  In  ayateai  vtasr« 

the  effective  filling  density  la  leas  than  0.20  aa/ca^  vere  found  to  be 

aubatantiei.  The  advantages  of  Increasing  this  density  above  O.ko  ga/ea^ 

quite  minor,  and  may  be  outweighed  by  other  problems  incurred  (Sec¬ 
tion  8), 

A  eyatane  atudy  haa  been  Initiated.  Mathematical  modele  for  aaroaol 

diffusion  have  bSen  reviewed  and  an  approach  for  future  atudlea  outlined 
(Section 

the  reporting  period,  work  on  the  liquid  agent  dicaeralnator 
Included  initiation  of  two  studies  dealing  with  (l)  completion  of  the 
ealgn  i^quirementa  and  preparation  of  layout  drawings,  and  (2)  atudy  of 

ompatlbiitty  of  atoree  dealgned  Tor  maimed  aircraft  with  the  AJf/USO-5 
Drone  (Section  10). 
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DEPARTMENT  OF  DEFENSE 
WASHINGTON  HEADQUARTERS  SERVICES 

1  1  55  DEFENSE  PENTAGON 
WASHINGTON,  DC  20301-1  155 


MEMORANDUM  FOR  DEFENSE  TECHNICAL  INFORMATION  CENTER 

(ATTN:  WILLIAM  B.  BUSH)  AUG  1  2013 

8725  JOHN  J.  KINGMAN  ROAD,  STE  0944 
FT.  BELVIOR,  VA  22060-6218 


SUBJECT:  OSD  MDR  Cases  12-M-3144  through  12-M-3156 


At  the  request  of  I 


Review  of  the  documents  in  the  above  referenced  cases  on  the  attached  Compact  Disc  (CD) 


under  the  provisions  of  Executive  Order  13526,  section  3.5,  for  public  release.  We  have 
declassified  the  documents  in  full.  We  have  attached  a  copy  of  our  response  to  the  requester.  If 
you  have  any  questions,  please  contact  Ms.  Luz  Ortiz  by  phone  at  571-372-0478  or  by  e-mail  at 
luz.ortiz@whs.mil,  luz.ortiz@osd.smil.mil,  or  luz.ortiz@osdj.ic.gov. 


mjL^ — 


Robert  Storer 

Chief,  Records  and  Declassification  Division 


Attachments: 

1 .  MDR  request  w/  document  list 

2.  OSD  response  letter 

3.  CD(U) 


April  26, 2012 


Department  of  Defense 

Directorate  for  Freedom  of  Information  and  Security  Review 

Room  2C757 

1155  Defense  Pentagon 

Washington,  D.C.  20301-1 155 


Sir: 

I  am  requesting  under  the  Mandatory  Declassification  Review  provisions  of  Executive  Order 
13291,  copies  of  the  following  documents.  I  have  tried  several  times  to  acquire  them  through 
DTIC,  but  the  sites  stated  they  are  not  available. 

I  am  conducting  research  into  the  previous  methods  used  to  disseminate  biological  agents.  Many 
source  I  use  to  have  access  to  have  been  deleted  from  the  internet.  On  numerous  occasions  I 
have  been  informed  that  formerly  classified  information  that  was  declassified,  have  now  become 
classified  again  (since  911).  My  attempts  to  locate  such  Executive  Orders,  regulations,  laws,  or 
other  changes  to  this  question  have  not  successful  nor  revealed  a  specific  source.  As  such  I 
would  appreciate  any  information  you  can  shed  on  this  question. 

Documents  requested. 

AD  348405,  Dissemination  of  Solid  and  Liquid  BW  (Biological  Warfare) Agents  Quarterly 
Progress  Report  Number  14, 4  Sept  -  4  Dec  1963,  G.  R.  Whitnah,  February  1964,  General  Mills 
Report  number  2512,  General  Mills,  Inc.,  Minneapolis,  MN,  Contract  number  DA  1 8064  CML 
2745,162.pages.  Prepared  for  U.S.  Army  Biological  Laboratories,  Fort  Detrick,  Maryland. 
Approved  by  S.P.  Jones,  Director  of  Aerospace  Research  at  General  Mills.  Project  No  82408 
General  Mills  Aerospace  Research  Division,  2295  Walnut  Street,  St.  Paul  I3>Iinnesota. 

AD  346751,  Dissemination  of  Solid  and  Liquid  BW  (Biological  Warfare)  Agents,  Quarterly 
Progress  Report  Number  12,  March  4  -  June  4,  1963,  G.  R.  Whitnah,  July  1963,  General  Mills 
Report  number  2411,  General  Mills,  Inc.,  Minneapolis,  MN,  Contract  number  DA  18064  CML 
2745.  184  pages.  Approved  by  S.P.  Jones,  Director  of  Aerospace  Research  at  General  Mills. 
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